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Resumen  
l diseño, el control y la caracterización directa de las propiedades de 
las superficies son requisitos previos para todas las aplicaciones 
prácticas de (nano) materiales. Dentro de este contexto, la presente 
tesis doctoral constituye un trabajo experimental y teórico sobre la 
morfología, estructura, propiedades electrónicas y ópticas de los materiales 
basados en óxidos metálicos complejos: BaWO4, BaMoO4, solución solida 
BaW1-xMoxO4 (x=0, 0.25, 0.50, 0.75 y 1), CaMoO4, ZnMoO4, ZnMoO4:Eu3+, 
CaZrO3 y CaZrO3:Eu3+, que constituyen los sistemas estudiados en la 
presente Tesis Doctoral.  
En el Capítulo 1 de introducción se empieza resaltando la importancia 
de combinar teoría, simulación y experimento en el estudio de materiales, a 
continuación se presenta una visión general sobre el concepto de morfología 
en particular  como obtenerla teóricamente usando la construcción de Wulff.   
En el Capítulo 2 se presentan los métodos teóricos y las simulaciones 
computacionales, explicando cómo caracterizamos los estados electrónicos 
excitados y calculamos las propiedades estructurales, electrónicas y ópticas. 
Las motivaciones y objetivos del presente trabajo se enumeran en el Capítulo 
3. En el Capítulo 4 se presentan, analizan y se discuten los resultados 
obtenidos, que se llevaron a cabo en colaboración con el Centro de 
Desenvolvimento de Materiais Funcionais (CDMF) en la Universidade 
Federal de São Carlos  (UFSCar) y el Laboratório de Síntese Química de 
Materiais (LSQM) del Departamento de Materiais de la Universidade Federal 
do Rio Grande do Norte (UFRN), mientras las conclusiones generales se 
resumen en el Capítulo 5, junto con los temas que podrían ser la continuación 
del presente trabajo.  
A continuación se presenta un resumen, escrito en portugués, con el fin 
de cumplir las normativas del convenio de cotutela. 
E
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Abstract 
esign, control and direct characterization of the properties of the 
surfaces are prerequisites for all practical applications of (nano) 
materials. Within this context, the present doctoral thesis is an 
experimental and theoretical work on the morphology, structure, 
electronic and optical properties of materials based on complex metal oxides: 
BaWO4, BaMoO4, solid solution BaW1-xMoxO4 (x= 0, 0.25, 0.50, 0.75 and 
1), CaMoO4, ZnMoO4, ZnMoO4:Eu3+, CaZrO3 and CaZrO3:Eu3+, which 
constitute the systems studied in this Doctoral Thesis.  
In Chapter 1 of the introduction, we begin by highlighting the 
importance of combining theory, simulation and experiment in the study of 
materials, then we present a general view on the concept of morphology in 
particular, how to obtain it theoretically using Wulff's construction.  
Chapter 2 presents the theoretical methods and computational 
simulations, explaining how we characterize the excited electronic states and 
calculate the structural, electronic and optical properties. The motivations and 
objectives of this work are listed in Chapter 3. Chapter 4 presents, analyzes 
and discusses the obtained results, which were carried out in collaboration 
with the Center de Desenvolvimento de Materiais Funcionais (CDMF), at the 
Federal University of São Carlos (UFSCar) and in collaboration with the 
Laboratório de Síntese Química de Materiais (LSQM), in the Department of 
Matters of the Federal University of Rio Grande do Norte (UFRN), while 
The general conclusions are summarized in Chapter 5, along with the topics 
that could be the continuation of this work. Below is a summary, written in 
Portuguese, in order to comply with the regulations of the “co-tutela” 
agreement. 
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os cristales de materiales inorgánicos complejos que presentan una 
simetría y superficies bien definidas presentan características 
específicas que dan lugar a diferentes propiedades físicas y químicas, 
siendo la energía de la superficie [1-4], y su isotropía espacial las que 
permiten construir estructuras en que las diferentes superficies controlan su 
arquitectura final [5, 6]. Sus morfologías, propiedades y aplicaciones 
tecnológicas han generado un gran interés científico [7-10]. Asi por ejemplo, 
la obtención de (nano)cristales con morfología especificas son la base de 
muchas tecnologías modernas, incluida la catálisis selectiva [11-14], 
dispositivos electrónicos [15], almacenamiento de energía [16], y 
medicamentos [17, 18].  
Los estudios de este tipo de (nano)materiales inorgánicos no solo son 
útiles para encontrar estructuras cristalográficas novedosas, sino también para 
ofrecer una nueva oportunidad para el diseño y obtención de materiales 
multifuncionales con propiedades innovadoras. Por lo tanto, la modulación 
de la morfología y de las superficies expuestas de materiales funcionales es 
una línea de investigación muy activa [19-29] para aplicaciones tecnológicas 
avanzadas. Para ajustar con precisión la morfología de un cristal es 
imprescindible una compresión profunda del mecanismo de formación, y es 
necesario disponer de buenas imágenes de la morfología que se obtienen de 
la utilización de diferentes tipos de microscopias electrónicas, para poder 
dirigir el estudio teórico del crecimiento general de la morfología y la 
cinética de los pasos que forman los patrones de superficie (cubos, octaedros, 
hexágonos, etc.) Para ello, los métodos y las técnicas de modelización y 
simulación computacional junto con estudios experimentales sobre su síntesis 
y caracterización son una herramienta bien establecida para el desarrollo de 
estrategias de investigación innovadoras que permite la predicción y diseño 
de materiales con propiedades y aplicaciones tecnológicas. 
  
1.1. Teoría, simulación y experimento    
 
oy en día las técnicas experimentales proporcionan un amplio abanico 
de resultados que podemos interpretar a nivel atómico y molecular 
con la ayuda de estudios mecano-cuánticos. En el campo de la ciencia 
de materiales, la teoría y la simulación, usadas en combinación con 
las técnicas experimentales, permiten dar un paso más ya que posibilitan 
predecir las condiciones óptimas para la síntesis de nuevos materiales. Se 
puede conseguir así una guía para el diseño racional de materiales con 
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propiedades definidas, o para la modificación dirigida de los existentes, desde 
la escala “nano” hasta la macroscópica. Todo ello requiere las leyes de la 
mecánica cuántica, que describe el comportamiento de toda la materia de una 
manera exacta. De hecho, casi 90 años después de la famosa promesa de 
Dirac de que todas las leyes que gobiernan la química son completamente 
conocidas [30], se ha logrado un progreso notable aplicando la mecánica 
cuántica a química, ciencia de la materia, y nanotecnología. 
Esta discusión sirve para motivar el tema central de la presente Tesis 
Doctoral, que consiste en entrar en un diálogo autocrítico entre la teoría y la 
experimentación en lugar de hacer una teoría o experimental de forma aislada 
y confiar incondicionalmente en los resultados de tales estudios por separado. 
De hecho, la teoría puede tener una precisión insuficiente debido a las 
aproximaciones que son necesarias utilizar en lo cálculos cánticos; así, las 
fuentes de error pueden conducir a estructuras o propiedades electrónicas 
incorrectas. Por otra parte, el experimento puede dar lugar a resultados 
demasiado complicados para ser interpretados o que se basan en suposiciones 
simplistas, y no puede aplicarse a sistemas tan complejos como los materiales 
que estudiaremos.  
Para que haya una verdadera sinergia entre teoría y experimento se 
hace necesario utilizar las propiedades observables del sistema. En nuestro 
caso, el observable es la morfología, cuya imagen se obtiene de los 
microscopios electrónicos, la geometría, que se obtiene de la difracción de 
rayos-X con refinamiento Rietveld, estructura electrónica, y de  las 
frecuencias vibracionales que se pueden conseguir con la espectroscopia 
Raman, cuando estén disponibles. Esto constituye  como veremos un campo 
de intersección muy fructífero donde confluyen  la teoría y el experimento en 
ciencia de los materiales y nanotecnología, como se demostrará en este Tesis 
Doctoral. Los métodos y técnicas de la química teórica y computacional junto 
con las investigaciones experimentales constituyen una herramienta 
fundamental para el estudio de materiales desde la escala “macro” hasta la 
escala “nano”.  
De hecho, la nanotecnología ha experimentado un enorme crecimiento 
en los últimos años, como consecuencia de los nuevos fenómenos exhibidos 
por materiales confinados en dimensiones menores que unos pocos 
centenares de nanómetros, es decir, (nano)materiales. Sus propiedades 
dependen de la composición, el tamaño y la morfología, y son las 
responsables de que puedan ser utilizados en aplicaciones tecnológicas 
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nuevas y innovadoras [31, 32], y han dado lugar a numerosas aplicaciones en 
diferentes áreas como por ejemplo baterías [33, 34] y electrónica [35]. 
En los últimos años, se ha convertido en una prioridad el desarrollo de 
tecnologías sostenibles para abordar necesidades sociales fundamentales que 
constituyen los grandes desafíos a los que nos enfrentamos actualmente, 
como la limpieza del aire/agua o el suministro de energía limpia, la 
desalinización de agua [36] y interacciones drogas/gen.[37]. En estos campos 
de investigación se están desarrollando una gama de técnicas de simulación 
que se aplica a problemas relacionados con materiales para la generación, el 
almacenamiento y la conversión de energía, incluyendo celdas solares, 
reactores nucleares, baterías, pilas de combustible y sistemas catalíticos [38]. 
La modelización y simulación de las propiedades de los materiales y de 
los procesos en que participan, a partir de cálculos de primeros principios, 
han conseguido cada vez más precisión para facilitar el diseño y la obtención 
de nuevos materiales “in silico” [39-41]. También es importante señalar que 
las dificultades encontradas por los experimentos para separar los diferentes 
factores os no están presentes cuando se emplean modelos teóricos en los que 
uno puede representar diferentes morfologías para una composición o variar 
la composición para un determinado morfología. 
A este respecto, cabe resaltar que en un número reciente de la revista 
Nature Materials la editorial se centra en reconocer e impulsar la simulación 
de materiales [42], destacando que las simulaciones de materiales se han 
convertido en una herramienta fundamental en este campo de investigación. 
Asimismo, se han publicado varias revisiones de los métodos actuales de la 
mecánica cuántica para la modelización de materiales, en las que se ponen de 
manifiesto sus ventajas y también sus inconvenientes, así como sus 
perspectivas de futuro [38, 43-48]. Por tanto, es necesario un diálogo entre 
teoría, simulación y experimento en lugar de usarlos por separado y confiar 
de forma incondicional en los resultados de tales estudios por separado. 
La estructura singular y las propiedades electrónicas y ópticas de las 
familias de los wolframatos, molibdatos, y perovskitas, que son óxidos 
ternarios complejos, hacen que sean unos candidatos ideales para su uso en 
una gran variedad de aplicaciones tecnológicas. Nuestro grupo de 
investigación tiene una larga y contrastada experiencia en estudios donde se 
combina la teoría y el experimento para caracterizar sus geometrías, 
estructuras electrónicas y propiedades tales como fotoluminiscencia, 
fotocatalisis, magnetismos, agentes microbianos y otros [49-61]. Por otra 
parte, los materiales de perovskita están presentes en numerosas aplicaciones 
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tecnológicas asociadas a propiedades funcionales como la ferroelectricidad, 
piezoelectricidad, (anti) ferromagnetismo, multiferroismo, 
superconductividad, emisiones fotoluminiscentes, fotocatalísis [62-67]. 
 En resumen, esta bien establecido que la morfología, dimensionalidad y 
estructura cristalina de los materiales desempeñan un papel importante en las 
propiedades electrónicas, ópticas y catalíticas. Comprender el papel de estas 
superficies y encontrar una relación con sus características físicas y químicas 
es de extrema importancia. Uno de los objetivos de este proyecto fue asociar 
los resultados experimentales y teóricos para proporcionar un major 
comprensión de las morfologias y las emisiones fotoluminiscentes de una 
serie de óxidos ternarios complejos, que pertenecen a las familia de los 
wolframatos, molibdatos y perovskitas, que han sido caracterizados en el 
centro de desenvolvimento de materiais funcionais y en laboratorio de 
síntesis química de materiales. 
 
1.2. Estructuras cristalinas de AMO4 (A= Ba, Ca y Zn; M= 
W o Mo) y CaZrO3  
 
os materiales basados en molibdatos y wolframatos con fórmula 
química ABO4 pertenecen tanto a la familia de las scheelitas [68-71] 
como a la familia de las wolframitas [72-74]. Sus características 
dependen de los tipos de cationes que ocupan los sitios A y/o B. Si el radio 
iónico del catión A es más grande que 1.0 Å, como es el caso de Ca
2+
, Ba
2+
,
 
Sr
2+
, Pb
2+
 los compuestos muestran una estructura scheelita, como por 
ejemplo en la familia AMoO4 (A= Ca, Ba; M=W o Mo) con simetría 
tetragonal y grupo espacial (I41/a) presentada en la Figura 1.1  
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Figura 1.1. Representación esquemática de la celda unidad de las scheelitas 
AMO4 (A=Ba, Ca; M=W o Mo), con clústeres tetraédricos para B y 
dodecaédricos para A. 
 
Alternativamente, si el radio iónico del catión A es más pequeño que 
1.0 Å, como es el caso de Fe
2+
, Mn
2+
, Ni
2+
, Mg
2+
, Zn
2+
 los compuestos 
adoptan la estructura de wolframita [75, 76], como la estructura de ZnMoO4 
con simetría triclínica y grupo espacial (P1 ) [77-79] presentada en la Figura 
1.2.  
 
Figura 1.2. Representación esquemática de la celda unidad para la 
wolframita ZnMoO4. Se han resaltado los clústeres, [ZnO5+1] y [MoO4], 
como unidades estructurales. 
[BO4] 
[AO8] 
  A= Ca, Ba  
  B= W o Mo 
O 
= Zn 
= Mo 
= O 
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Los molibdatos y wolframatos han sido ampliamente estudiados y 
tienen una larga historia de aplicaciones prácticas y han sido objeto de una 
extensa investigación desde la década de 1960 [80]. Los wolframatos exhiben 
propiedades funcionales interesantes como sensores de  humedad [81], 
fotocatalizadores [82], dispositivos electrocrómicos [83], convertidores 
Raman [84], centelleadores [85], materiales fotoluminiscentes [86] y láseres 
[87, 88]. 
 Por otra parte, los molibdatos metálicos también han sido intensamente 
investigados debido sus diversas propiedades, principalmente, 
fotoluminiscentes [89-91]. En particular, los molibdatos y wolframatos de los 
metales alcalinos térreos de Ca y Ba [92-100], y el ZnMoO4 [101-105] 
Conjuntamente, la familia de las perovskitas presentan la formula 
estequiométrica del tipo ABO3 y su estructura ideal tiene simetría cúbica y 
grupo espacial (Pm3m), sin embargo permite pasar de la simetría cúbica ideal 
a simetrías inferiores debido variaciones estructurales como se muestra en la 
Figura 1.3 de la estructura CaZrO3 ortorrómbica distorsionada. 
Figura 1.3. Representación esquemática de celda unidad de la perovskita 
CaZrO3. Los clústeres que corresponden a las coordinaciones locales de los 
cationes Zr y Ca, [ZrO6] y [CaO8], respectivamente, están indicados.
Las propiedades y aplicaciones de estos materiales basados en 
perovskitas o scheelitas, son muy dependientes de los métodos de síntesis 
utilizados. Por este motivo, se hace necesaria encontrar las técnicas de 
producción que propicien un control adecuado del tamaño, forma y 
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organización estructural. Sin embargo, la preparación de materiales por 
nuevas rutas puede llevar al descubrimiento de nuevas características 
morfológicas, tamaño de la partícula, composición, nivel de cristalinidad, que 
pueden ser controlada por medio de modificaciones en la temperatura, pH, 
concentración, entre otros [106], que es un paso esencial en la comprensión 
de sus propiedades físicas y químicas, además de predecir resultados que 
puedan llevar a diferentes aplicación tecnológicas [107, 108]. 
 
1.3. Superficies y morfología 
 
a obtención de las superficies de una estructura cristalina consiste en 
seccionar el “bulk” perpendicularmente al vector de la dirección 
deseada, formando una estructura periódica en dos dimensiones (x,y), 
pero con espesor finito (dirección z). De esta forma las superficies 
quedan definidas por dos vectores ortogonales a la dirección [hkl] elegida. En 
general, las superficies más estables termodinámicamente son las que 
presentan bajos índices de Miller [hkl].  
 El estudio teórico de las superficies de materiales tiene gran 
importancia debido a que es la clave para entender sus posibles aplicaciones 
en catálisis y formación de filmes finos, por ejemplo. De esta forma, el 
control de la morfología del cristal es uno de los retos actuales en el campo 
de la nanotecnología y ciencia de materiales, porque pequeños cambios en el 
ambiente de crecimiento pueden afectar a morfología de los materiales [109-
111] y las superficies expuestas, que son factores importantes que influyen en 
su aplicación [112, 113]. Por lo tanto, el control de la morfología afecta 
directamente el diseño de las propiedades, es decir, diferentes planos de 
cristal exhiben diferentes respuestas anisotrópicas a diversas actividades 
mecánicas, físicas y químicas como: dureza, piezoelectricidad y reactividad 
[114, 115].  
Como hemos comentado anteriormente la combinación de estudios 
teóricos y técnicas experimentales se han convertido en una herramienta 
fundamental para la compresión de la morfología de los cristales y sus 
mecanismos de modulación a nivel atómico. En la Figura 1.4 se presenta de 
forma esquemática las posibles morfologías, simetrías y estructuras que 
pueden presentar los materiales tanto a nivel “nano” como macro. [116]. 
L 
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Figura 1.4. Posibles morfologías, simetrías y estructuras. Reproducido a 
partir de [117] con permiso del The Royal Society of Chemistry. 
 
Aristóteles fue el primero que intento correlacionar el conjunto natural 
de reglas que impulsa a toda materia a adoptar una forma y una 
apariencia[118] (Figura 1.5). 
 
 
 
Figura 1.5. Correlación de Aristóteles.  
 
Goethe fue el precursor de la morfología en 1795, el cual escribió que 
“la morfología puede verse como una teoría en sí misma” y “se puede decir 
que la morfología incluye los principios de la forma estructurada y la 
formación y transformación de cuerpos orgánicos”. Este concepto va mucho 
más lejos del simple control de la pureza, la composición y el orden de 
traslación de largo alcance de las disciplinas más tradicionales y es, por su 
propia esencia, moderno. Es bien sabido que desde los primeros días en la 
cristalografía que la forma era el tema central. Steno en 1669 al observar 
cristales de cuarzo, descubrió que el ángulo entre caras diferentes era 
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constante e independiente del tamaño. Más adelante, en 1784 Haüy propuso 
la ley de ángulos interfaciales constantes. Los primeros estudios en este 
campo se basaron en la medición de los ángulos entre las caras y las 
relaciones de simetría en los cristales. Por consiguiente, la estructura se 
obtuvo a partir de la forma del cristal y se describieron muchas formas 
poliédricas como cubos, octaedros, tetraedros y otros, por lo que la 
morfología junto con la geometría se convirtieron en conceptos 
fundamentales para describir los cristales.  
A principios del siglo XX, Georg Wulff [119] desarrolló un modelo 
sistemático para caracterizar las formas y hábitos cristalinos encontrados en 
minerales, revolucionando los campos de la cristalografía y geología. Sin 
embargo, a finales del siglo XX ese método fue redescubierto en el campo de 
la ciencia de materiales para caracterizar la morfología de las 
(nano)partículas [120]. Actualmente, las simulaciones computacionales 
basadas en el cálculo de la energía de superficie se emplean en conjunto con 
la construcción propuesta por Wulff para explicar y predecir las morfologías 
experimentales. Se han realizado muchos esfuerzos durante los años para 
desarrollar las nuevas herramientas y técnicas dedicadas al diseño y la 
fabricación de superficies y morfologías específicas. La síntesis controlada 
para obtener una morfología determinada de materiales inorgánicos en la 
escala nano/micrómetro ha progresado considerablemente en la última 
década [121]. Muchas propiedades dependientes de determinadas superficies 
han sido descubiertas debido a la exitosa síntesis de (nano)cristales con una 
serie de morfologías bien definidas. El control de la morfología de los 
(nano)cristales es importante en diversas aplicaciones, como la catálisis 
heterogénea [122, 123], celdas solares [124], diodos para emisión de luz 
[125, 126], y marcadores biológicos [127, 128].  
La modulación de los planos cristalográficos de materiales funcionales 
para la obtención de morfologías deseables es tan significativa como el 
tamaño, la composición, fase y cristalinidad en la determinación de las 
propiedades químicas y físicas de los sólidos cristalinos. Es imprescindible 
una mejor comprensión del control de las superficies expuestas, lo cual 
generaría una nueva capacidad para diseñar las estructuras necesarias para 
aplicaciones reales, a la vez que ofrecería una nueva oportunidad para la 
construcción de materiales multifuncionales con potencial único y 
propiedades asombrosas [129]. 
Además las superficies de alta energía, que contienen abundantes 
átomos de coordinación insaturados que muestran alta reactividad, [3, 130-
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136] han sido diseñados para diferentes aplicaciones, en las que las 
superficies cristalográficas bien definidas juegan un papel clave [137-139] 
como catalizador mejorado [140, 141], óptico [142], magnético [143] y 
propiedades electroquímicas[113, 144]. En este contexto, la síntesis de 
(nano)cristales inorgánicos con morfologías controladas y superficies 
reactivas, han despertado gran interés en la última década, debido a las 
propiedades fascinantes de su formato[145-147], así como gran importancia 
en estudios fundamentales y aplicaciones tecnológicas [112, 148, 149]. 
 
1.3.1. Construcción de Wulff: Morfología de los (nano)materiales.  
 
l formalismo desarrollado por Wulff se basó en el concepto de 
minimización de la energía propuesto por Gibbs en 1874, al cual  un 
(nano)cristal presenta una determinada morfología de equilibrio 
cuando su energía total es mínima. Su energía total es la suma de las 
energías del “bulk” y de sus superficies (γ). Por lo tanto, para un volumen 
fijo, la energía total encuentra un mínimo global cuando la energía de 
superficie (γ) es minimizada [150].  
En un sólido, la energía superficial depende de la orientación de los 
planos cristalográficos debido a la anisotropía intrínseca asociada a los 
diferentes ordenamientos atómicos de los planos. De esta forma, Georg Wulff 
[119] propuso que la morfología de un (nano)cristal sea representada por un 
grupo de planos con diferentes índices de Miller [hkl], siendo sus respectivas 
energías (𝛾 ℎ𝑘𝑙  ) proporcionales a la distancia de dicho plano (𝑑 ℎ𝑘𝑙  ) en 
relación al origen al centro de la superficie (c), conforme a la ecuación: 
𝛄[𝐡𝐤𝐥]
𝐝[𝐡𝐤𝐥]
= 𝐜    (1) 
Asimismo, la construcción de Wulff combina distintos valores de la 
energía superficial en función de la orientación, donde el tamaño del vector 
(𝑑 ℎ𝑘𝑙  ) que conecta el origen al centro de la superficie es proporcional a γ. La 
combinación de todos los vectores representados en el plano bidimensional 
permite la obtención de un poliedro que contiene los diferentes planos 
cristalográficos, como se muestra en la Figura 1.6. 
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Figura 1.6. Combinación entre los diferentes planos cristalográficos (a) que 
originan el poliedro que representa la morfología de equilibrio para un 
determinado (nano)cristal (b).  
Para poder obtener la morfología utilizando la construcción de Wulff es 
necesario el cálculo de las energías de superficie (γ) de un determinado 
material. γ se puede representar como Esurf, y también denominarse energía 
superficial.  Se puede calcular a partir del corte en un plano cristalográfico 
del cristal [151], y corresponde a la energía de corte “cleavage”. Estos planos 
cristalográficos dependen del grupo puntual de simetría del material y las 
superficies se obtienen al cortar el cristal por una sección perpendicular del 
“bulk” en relación a los vectores de la dirección deseada, y así se obtiene una 
estructura periódica en dos dimensiones (“slab”), pero con espesor finito (eje 
z) [152]. De esta forma la energía superficial o de “cleavage” (γ) se define 
como la energía por unidad de área requerido para formar la superficie 2-D 
relativa al “bulk” y se calcula mediante la siguiente expresión a T=0ºK: 
𝛄 =
𝐄𝐬𝐥𝐚𝐛−𝐍∙𝐄𝐛𝐮𝐥𝐤
𝟐𝐀
    (2) 
donde Eslab es la energía total del “slab” 2D, Ebulk  es la energía total del 
“bulk”, respectivamente, mientras que N y A representan el número de 
unidades de fórmula mínima y el área de la, respectivamente. El factor 2 en el 
denominador proviene de la existencia de las superficies superior e inferior 
del “slab”, que presenta una composición simétrica. 
Después del proceso de optimización correspondiente y de comprobar 
que el valor de γ ha convergido, es decir, que ha alcanzado un valor constante 
y no depende del espesor del “slab”, se obtiene el valor de γ.  
Otros autores [153, 154] prefieren expresar la ecuación (2) del siguiente 
modo: 
 
𝛄 = 𝐥𝐢𝐦𝐧→∞ 𝐄𝐬(𝐍) = 𝐥𝐢𝐦𝐧→∞ 𝐄𝐬𝐥𝐚𝐛 𝐍 − 𝐍 ∙ 𝐄𝐛𝐮𝐥𝐤/𝟐𝐀  (3) 
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donde Eslab (N) y Ebulk son la energía de un “slab” de N capas y del “bulk”, 
respectivamente; A es el área de la celda de la unidad primitiva de la 
superficie; el factor 2 en el denominador representa las superficies superior e 
inferior del “slab”. Es (N) es, por lo tanto, la energía (por unidad de área) 
requerida para la formación de la superficie a partir del volumen. Cuando n 
→ ∞, Es (N) convergerá a la energía de la superficie por unidad de área (γ). 
El número de capas dhkl a considerar en cada “slab”, N, se obtiene cuando la 
diferencia relativa entre Es (N) y Es (N - 1) es menor que 1%, para asegurar 
una convergencia satisfactoria en la energía de la superficie. 
Cabe indicar que nuestros valores de energía superficial, γ, no se 
corrigieron por error de superposición de conjunto base (BSSE) [154], ya que 
solo estamos interesados en determinar la morfología de equilibrio y las 
accesibles de los materiales estudiados, que no depende de los valores 
absolutos de las energías superficiales de las superficies, pero sí de sus 
valores relativos, además se ha demostrado que para otros materiales, la 
corrección BSSE [155, 156] reduce todos los valores de energía superficial 
de un porcentaje similar, dejando así la morfología sin variar. 
Es importante señalar que al realizar el corte directo del cristal a lo 
largo de una superficie se generan estructuras inestables debido a la tensión 
de los enlaces que se rompen, por lo que es necesario llevar a cabo una 
optimización de la geometría, lo que permite el cálculo de los valores de γ, 
que posteriormente se utilizan en la construcción de Wulff [120, 157] para 
representar la morfología. Este método se ha implementado, mejorado y 
utilizado por nuestro grupo de investigación en varios estudios de “bulk” y 
superficies y propiedades estructurales y electrónicas de perovskitas [158, 
159], molibdatos [160-162], wolframatos [163-166], Ag2CrO4  [167], LaVO4 
[168], y óxidos metálicos [169, 170]. 
Una característica específica de nuestro grupo de investigación en el 
campo de la investigación de materiales es combinar los trabajos 
experimentales y teóricos. Estas dos líneas de investigación, cuando se 
aplican juntas, provocan una sinergia favorable, siendo una poderosa 
herramienta para estudiar y explicar las propiedades estructurales y 
electrónicas de los materiales, responsables de las aplicaciones tecnológicas 
posteriores. Por lo tanto, hay dos frentes de investigación: (1) la línea 
experimental en la que el objetivo es el desarrollo de nueva metodología de 
síntesis para encontrar un material con propiedades deseables y (2) la línea 
teórica en la que los cálculos de los primeros principios complementan los 
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resultados experimentales, siendo una guía fundamental para un diseño 
racional de materiales innovadores. 
La ingeniería asociada a la morfología de un cristal es crucial para la 
síntesis exitosa de semiconductores inorgánicos con aplicaciones funcionales. 
Para el desarrollo de materiales funcionales es importante controlar su 
morfología y estructura, y el objetivo principal es comprender la química de 
las superficies, ya muchos procesos físicos y químicos tienen lugar en las 
superficies. La morfología es una propiedad clave de los materiales. 
La Figura 1.7 ilustra una representación esquemática del procedimiento 
que utilizaremos en la presente Tesis Doctoral, donde se comparan los 
resultados teóricos y experimentales. Según los métodos de síntesis seguidas, 
los materiales pueden presentar tamaño en la escala micro o nano, y una 
morfología bien definida. A partir de los parámetros estructurales obtenidos 
por los resultados experimentales, de difracción de rayos-X con refinamiento 
Rietveld, es posible construir el modelo teórico adecuado y mediante cálculos 
de primeros principios se puede determinar la geometría 3-D, sus frecuencias 
vibraciones, propiedades electrónicas y ópticas, como el “band gap”, y 
mediante la caracterización de los estados electrónicos excitados se puede 
interpretar las emisiones fotoluminescentes. Por otra parte con el cálculo de 
las energías superficiales y la utilización de la construcción de Wulff, se 
puede determinar las morfologías accesibles de un determinado material, y 
comparar con las imágenes que se obtienen experimentalmente por 
microscopia electrónica (“field emsission scanning electron miscroscopy”, 
FE-SEM), y así predecir el camino seguido durante la síntesis y qué 
superficies se deben estabilizar/desestabilizar para alcanzar una determinada 
morfología. 
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Figura 1.7. Representación esquemática de las propiedades que se pueden 
comparar a partir de los resultados teóricos y experimentales. 
 
El objetivo de esta Tesis Doctoral ha sido alcanzar una investigación 
interdisciplinaria, tanto fundamental como aplicada, en óxidos ternarios 
complejo. Para obtener los resultados se utilizó un enfoque teórico y 
experimental para caracterizar y discutir mejor las estructuras y propiedades 
de los materiales; en particular la morfología, propiedades electrónicas y 
ópticas (“band gap” y emisiones de fotoluminiscencia) y se ha demostrado 
cómo los métodos y técnicas de la química teórica y computacional se 
pueden utilizar para comprender las propiedades físicas y químicas de estos 
materiales para buscar un diseño racional de los mismos. 
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2. Métodos teóricos y 
simulaciones 
computacionales 
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2.1. Métodos teóricos 
a interacción entre electrones determina una gran parte de la 
estructura y propiedades de la materia, desde los átomos a los 
sistemas sólidos. En este contexto, la principal herramienta para tal 
descripción consiste en simulaciones computacionales basadas en la 
mecánica cuántica, más precisamente en la resolución de la ecuación de 
Schrödinger que permite el cálculo de las propiedades electrónicas del 
sistema en cuestión a partir de la obtención de la respectiva función de onda 
(Ψ). 
𝐇   𝚿 = 𝐄𝚿     (4) 
 
donde Ψ representa la función de onda total del sistema, 𝐻  el operador 
Hamiltoniano y E la energía total del sistema. 
 
2.1.1 Metodología DFT  
 
os métodos mecano-cuánticos más utilizados en el campo del estado 
sólido se basan en la teoría del funcional de la densidad (DFT). En los 
últimos 20 años los estudios que involucran el diseño de materiales se 
han concebido, principalmente debido al tratamiento más preciso de 
los efectos de intercambio y correlación, recursos computacionales más 
poderosos, algoritmos numéricos más eficientes y la introducción de 
numerosos paquetes libres y comerciales para el desarrollo de tales 
simulaciones [38, 171]. 
El foco central de la DFT es la densidad electrónica (ρ) que permite 
escribir la Ecuación de Schrödinger a través de una ecuación dependiente de 
ρ. La densidad electrónica total referente a los N electrones del sistema es 
definida como la suma de los cuadrados de las funciones de onda mono-
electrónicas sobre todo el espacio: 
   𝛒 𝐫 = 𝐍 …  𝚿 𝐫𝟏, 𝐫𝟐, … , 𝐫𝐍  
𝟐𝐝𝐬𝟏𝐝𝐫𝟐 … , 𝐝𝐫𝐍  (5) 
 
Esta densidad electrónica no es la base sólo para el desarrollo de la 
DFT, sino de todo un conjunto de métodos que estudian átomos y moléculas 
pudiendo ser medidos a través de análisis experimentales como difracción de 
electrones o de rayos X, en lugar de la función de onda utilizada en el método 
Hartree-Fock (HF). Además de ser un observable experimental, la densidad 
electrónica depende únicamente de 3 variables que definen la posición 
L 
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espacial y el volumen donde la densidad electrónica está concentrada, 
simplificando el complejo problema de la resolución de la ecuación de 
Schrödinger para múltiples cuerpos (N) basada, hasta entonces, en funciones 
de onda dependiente de 4N variables que dependen de las 3 coordenadas 
espaciales y de la coordenada de espín de cada electrón [38, 172-175] Así, el 
método DFT puede ser resumido como: 
 
𝛒 𝐫 →  𝚿 𝐫𝟏, 𝐫𝟐, … , 𝐫𝐍 → 𝐨𝐛𝐬𝐞𝐫𝐯𝐚𝐛𝐥𝐞𝐬  (6) 
 
Las raíces de esta metodología están relacionadas con la Teoría 
desarrollada por Thomas-Fermi-Dirac para el gas de electrones libres y 
perfeccionada por Slater en los años 50. Sin embargo, la forma actual del 
método DFT fue fundamentada en 1964 por Pierre Hohenberg y Walter Kohn 
[171] mediante dos teoremas. Primeramente, ellos establecieran que para una 
determinada densidad electrónica del estado fundamental ρ(r) es posible 
calcular la correspondiente función de onda para ese estado Ψ0(r1,r2,...,rN). 
Esto significa que para un determinado sistema y su densidad electrónica del 
estado fundamental tenemos un único potencial externo (Vext) probando que 
Ψ0 es una función única de ρ, es decir, Ψ0[ρ] y, en consecuencia, todos los 
demás observables de estado fundamental (O) también son funcionales de ρ: 
[172-174, 176-180]. 
 
 𝐎 [𝛒] =  𝚿𝟎 𝛒 |𝐎 |𝚿𝟎 𝛒      (7) 
 
En el segundo teorema, Hohenberg y Kohn muestran que la energía del 
estado fundamental puede ser obtenida a través del método variacional una 
vez que la energía total del estado fundamental (E0) es minimizada solo para 
la correspondiente densidad electrónica del estado fundamental (ρ0). Según el 
teorema variacional, tenemos que para una densidad electrónica de prueba 
(𝜌 ) la energía total obtenida tiene que ser igual o superior a la energía del 
estado fundamental[172-174, 176-179]: 
 
 𝚿 |𝐇 |𝚿  = 𝐄 𝛒  ≥ 𝐄 𝛒𝟎 =  𝚿𝟎|𝐇 |𝚿𝟎    (8) 
 
Así pues, para obtener la densidad exacta del estado fundamental, 
tendremos que encontrar la densidad que minimiza la energía: 
 
 
𝛅𝐄 𝛒 
𝛅𝛒
 = 𝟎     (9) 
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En 1965 Kohn-Sham [181] presentaron una propuesta innovadora que 
consistía en utilizar un sistema de ecuaciones monoelectrónicas y el método 
variacional para obtener la energía del estado fundamental de forma 
autoconsistente (Self Consistent Field, SCF). Ese método consiste en sistema 
de referencia con N electrones que no interaccionan entre ellos moviéndose 
bajo un potencial externo que genera una función de onda que tiene la misma 
densidad del sistema real. Para este sistema ideal, el método Hartree-Fock es 
exacto dado que no hay interacciones electrón-electrón y el operador de Fock 
(FHF) contiene todas las informaciones para las energías cinéticas (T) de los 
electrones con la aproximación de Born-Openheimer y también las 
interacciones coulombicas con los núcleos (V). El problema es que FHK no 
tiene relación directa con la densidad y los términos no-clásicos que restan 
del operador son añadidos como un término adicional. También, tenemos que 
las interacciones electrón-electrón pueden ser divididos en termos clásicos y 
non-clásicos. El término clásico se conoce como repulsión coulómbica entre 
las cargas de los electrones que disminuye con el cuadrado de la distancia 
entre ellos. De esta forma, la energía total del sistema puede ser descrita 
como una suma entre los componentes clásicos (energías cinética (T) y 
potencial (V)), repulsión electrónica (j) y un término no clásico que describe 
los términos de intercambio y correlación para la interacción electrónica 
(XC) así como la parte residual de T [172-174, 176-179]. 
𝐄𝐃𝐅𝐓 = 𝐄𝐓 + 𝐄𝐕 + 𝐄𝐣 + 𝐄𝐗𝐂   (10) 
 
Donde: 
 
 𝐄𝐓 =  
−𝛁𝐢
𝟐
𝟐
𝐧
𝐢−𝟏 ; 𝐄𝐕 =   
−𝐙𝐀
𝐫𝐢𝐀
;𝐍𝐀
𝐧
𝐢
𝐄𝐣 =   
𝟏
𝐫𝐢𝐣
;𝐧𝐣
𝐧
𝐢 𝐄𝐗𝐂 = ∆< 𝐓𝛒 >  +∆< 𝐕𝛒
𝐢𝐣
>
   (11) 
 
La inclusión del término de intercambio y correlación en la energía 
calculada por el método DFT convierte las ecuaciones de Kohn-Sham en 
exactas, una vez que se incluyen todos los componentes necesarios para la 
descripción del estado fundamental. Aunque los teoremas dicen que hay un 
funcional de intercambio y correlación para la densidad electrónica, éste es 
completamente desconocido de forma exacta, siendo necesario el uso de 
diferentes aproximaciones. 
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Por lo tanto, el método DFT se basa en la resolución de la Ecuación 
de Schrödinger utilizando los orbitales de Kohn-Shan y el operador HKS que 
contiene todas las componentes de energía del sistema: 
 
𝐇 𝐊𝐒𝚿𝐊𝐒 = 𝐄𝐊𝐒𝚿𝐊𝐒    (12) 
 
La resolución analítica utiliza el método KS-SCF (Kohn-Shan Self 
Consistent Field) donde la densidad electrónica determina los orbitales KS y 
por lo tanto la función de onda del estado fundamental que permite obtener 
las diferentes propiedades [172, 173, 176]. 
 
2.1.1.1. Funcionales de la densidad electrónica 
 
l primer y más simple funcional propuesto se basa en la teoría del gas 
de electrones homogéneo para derivar funcionales de intercambio y 
correlación aproximados, denominado aproximación de la densidad 
de spin local (LDA/LSDA). En este caso, un sistema no homogéneo 
con densidad electrónica ρ(r) es tratado por la aproximación de EXC[ρ] por el 
valor correspondiente al gas de electrones homogéneo con densidad 
electrónica igual a ρ(r). En esta suposición se tiene que la densidad 
electrónica varía suavemente en las proximidades del punto r, como proponía 
Slater. A pesar de la no homogeneidad de la densidad electrónica, en átomos 
o moléculas las aproximaciones LSDA/LDA obtuvieron gran éxito en la 
descripción de estructuras en complejos de metales de transición y estado 
sólido [172, 173, 176]. 
Sin embargo, el funcional LSDA/LDA presenta serios problemas 
cuando se aplican a sistemas reales donde la densidad electrónica no es 
homogénea. La principal forma de corregir esta deficiencia se introduce a 
partir de las correcciones no locales basadas en el gradiente de la densidad 
electrónica (GGA). Esta aproximación es importante, principalmente para la 
previsión energética de reacciones químicas, siendo los funcionales PBE, 
PBESOL, Becke, PWGGA los más utilizados [155, 182-187]. 
La principal desventaja del uso de las funciones locales y semi-locales 
(LDA, LSDA, GGA) consiste en un error intrínseco denominado de auto-
interacción. En líneas generales, este error se refiere a la posibilidad de 
interacción de los electrones con ellos mismos para los citados funcionales. 
Para representar tal efecto podemos utilizar un sistema monoelectrónico. En 
ese caso el término de intercambio y correlación de la DFT debe cancelar la 
E 
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repulsión Coulombiana, pero el trato de las aproximaciones locales y semi-
locales generalmente es insuficiente para producir esa cancelación y, 
consecuentemente, hay un error en la representación de ese sistema. Este 
efecto también puede ser expandido a sistemas multielectrónicos donde 
puede causar errores significativos para la correcta representación de la 
densidad electrónica [174, 188, 189]. La única forma de corregir los 
funcionales semi locales y locales en relación con la no-localidad de Exc para 
el sistema con electrones no interactuantes es sustituir parte del término de 
intercambio de los funcionales semi locales por el término exacto proveniente 
del método HF [174, 175, 190]. Esta técnica se conoce como hibridación y da 
origen a los llamados funcionales híbridos. La existencia de estos funcionales 
es permitida por la conexión adiabática, método que permite la conexión de 
un sistema con electrones no interactuantes al sistema de N electrones que 
interactúan entre sí, de forma que la densidad electrónica permanezca igual a 
la densidad electrónica exacta. 
La aproximación más simple para EXC basada en la conexión adiabática 
fue propuesta por Becke en 1993, a partir de la interpolación linear entre las 
regiones interactuantes y no interactuantes, originando el denominado 
Funcional Híbrido Half-Half [191]. 
 
𝐄𝐱𝐜 =
𝟏
𝟐
𝐄𝐗
𝐇𝐅 +
𝟏
𝟐
𝐄𝐗𝐂
𝐋𝐒𝐃𝐀   (13) 
 
En el mismo año, Becke propuso un nuevo funcional híbrido basado en 
la corrección de gradiente de la densidad electrónica para los términos de 
intercambio y correlación. Este funcional se denominó B3PW91, siendo su 
representación general: 
 
𝐄𝐗𝐂
𝐁𝟑𝐏𝐖𝟗𝟏 = 𝐄𝐗𝐂
𝐋𝐒𝐃𝐀 + 𝐚 𝐄𝐗
𝐞𝐱𝐚𝐭𝐨 − 𝐄𝐗
𝐋𝐒𝐃𝐀 + 𝐛𝚫𝐄𝐗
𝐁𝟖𝟖 + 𝐜𝚫𝐄𝐂
𝐏𝐖𝟗𝟏      (14) 
 
En esta ecuación a, b y c representan coeficientes semiempíricos que 
pueden determinarse a partir de una minimización en relación a datos 
experimentales, siendo 𝐸𝑋
𝑒𝑥𝑎𝑡𝑜  la energía exacta de cambio del sistema (HF), 
𝛥𝐸𝑋
𝐵88  la corrección de gradiente para la energía de cambio propuesta por 
Becke (1988) y 𝛥𝐸𝐶
𝑃𝑊91 la corrección de gradiente para la energía de 
correlación desarrollada por Perdew y Wang (1992). El segundo término de 
este funcional sustituye parte del término de intercambio obtenido del gas de 
electrones por el término exacto procedente del método HF. De esta forma, el 
coeficiente a refleja la importancia del sistema de electrones no interactuantes 
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para la composición del término EXC. El tercer y el cuarto término permiten 
una mezcla entre las correcciones de gradiente para los términos de 
intercambio y correlación. Este funcional fue aplicado a diferentes átomos y 
moléculas de la base de datos G1 de Pople [192] y a partir de la 
minimización de la EXC en relación a las energías de atomización, afinidades 
protónicas y electrónicas, así como potenciales de ionización los coeficientes 
semiempíricos se determinaron como a= 0.2, b= 0.72 y c= 0.81, 
respectivamente [175, 193]. 
Frisch y colaboradores (1994) propusieron la sustitución del gradiente 
de correlación definido por Perdew y Wang (PW91) del funcional B3PW91 
por el funcional desarrollado por Lee, Yang y Parr (LYP) en 1988 [194]. 
 
𝐄𝐗𝐂
𝐁𝟑𝐋𝐘𝐏 =  𝟏 − 𝐚 𝐄𝐗
𝐋𝐒𝐃𝐀 + 𝐚𝐄𝐗
𝐇𝐅 + 𝐛𝚫𝐄𝐗
𝐁𝟖𝟖 + 𝐜𝚫𝐄𝐂
𝐋𝐘𝐏 +  𝟏 − 𝐜 𝐄𝐂
𝐕𝐖𝐍     (15) 
 
Los coeficientes semiempíricos poseen los mismos valores que en el 
funcional B3PW91. La principal diferencia está en los dos últimos términos 
que implican la corrección de gradiente para el término de correlación. Como 
el funcional de LYP no tiene un componente local separable fácilmente, el 
funcional local para la correlación desarrollado por Vosko, Wilk y Nusair 
(VWN) fue utilizado para proporcionar diferentes contribuciones de los 
términos locales y corregidos por el gradiente. Este funcional se conoce como 
B3LYP y en los últimos años se ha convertido en uno de los más utilizados 
para el estudio de materiales, principalmente en estado sólido. La principal 
restricción a este funcional está en la representación de metales donde el 
límite de gas de electrones uniforme no se reproduce correctamente. Este 
error se produce porque el término local para la correlación utilizada en 
B3LYP reproduce superficialmente el lento decaimiento de la densidad 
electrónica en el límite del sistema no interactuante [175, 195-197]. 
Estos aspectos fueron corregidos por el funcional PBE0 propuesto por 
Perdew, Burke y Ernzherhof (PBE) y desarrollado por Adamo y Barone 
(1999). Este funcional se basa en el aumento del porcentaje del término de 
intercambio exacto al 25% asociado al término de intercambio y correlación 
PBE. En el término de intercambio y correlación corregido por el gradiente 
de Perdew, Burke y Ernzherhof el término referente al gradiente de la 
correlación se basa en el funcional de Perdew y Wang (PW91), así como para 
el B3PW91, posibilitando al funcional PBE0 la correcta predicción del límite 
de gas de electrones uniforme  [175, 190, 198]. 
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Aunque este funcional es muy aplicado a sólidos, el costo 
computacional en su tratamiento es elevado, principalmente debido al lento 
decaimiento de la parte correspondiente a las interacciones a largo alcance 
del término de intercambio y correlación. Para corregir esta limitación 
Janesko y los colaboradores propusieron un funcional, denominado HSE, en 
el que sólo las interacciones a corto alcance se tratan a nivel HF. En los 
últimos años este funcional ha ganado elevada aceptación en la comunidad 
científica [174]. 
A pesar de la aparición de un gran número de funcionales híbridos, el 
funcional B3LYP sigue siendo uno de los más utilizados debido a su 
capacidad de ser aplicado tanto a sistemas sólidos tanto en “bulk” como a 
superficies. Este hecho se debe a la excelente relación entre el coste 
computacional y la precisión en el cálculo de geometrías y propiedades 
electrónicas, “band gap” y densidad de estados, entre otros. [182, 184, 199-
202].  
 
2.2. Simulaciones computacionales 
 
2.2.1. Densidad de estados y estructura de bandas 
 
a periodicidad confiere a los sistemas cristalinos una estructura 
electrónica peculiar. Mientras en los átomos aparecen niveles 
discretos de energía, en las moléculas hay una combinación de estos. 
Sin embargo, en sistemas infinitos la separación entre niveles se 
puede despreciar y se obtiene una estructura de bandas, todas ellas resultantes 
de la interacción periódica de los electrones con los núcleos cargados del 
cristal. 
Una vez se conoce la estructura de bandas del sólido, es necesario 
conocer la ocupación de cada una de ellas, es decir, cómo se acomodan los 
electrones en los niveles de energía. Como el cristal es finito y los niveles de 
energía son discretos, cada banda de energía podrá acomodar un número 
limitado de electrones. Conocido el número de electrones, cada una de las 
bandas podrá estar llena, vacía o parcialmente ocupada. Si consideramos 
únicamente las bandas que provienen de niveles de energía más externos o de 
valencia, banda de valencia (BV), el sólido se comportará como un aislante si 
el número de electrones es tal que las bandas de energía permitidas están 
llenas y el salto de energía entre bandas es grande. En este caso, ningún 
electrón puede moverse en presencia de un campo eléctrico. El sólido actuará 
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como un conductor metálico si una o más bandas están parcialmente 
ocupadas. En un semiconductor intrínseco la diferencia de energía entre 
bandas es pequeña (~1-3 eV) como aparece representado en la Figura 2.1, de 
modo que un aumento de temperatura puede promocionar algunos electrones 
a la banda de conducción (BC). Asimismo, la presencia de átomos de 
impurezas en el material semiconductor intrínseco, genera un cristal 
extrínseco que puede ser del tipo n o p. Cuando en un cristal de Si puro se 
adiciona átomos pentavalentes (como As, Ge o Sb), los cuatro electrones de 
valencia de estos átomos forman enlaces covalentes con átomos de silicio 
vecinos, de forma que el quinto electrón se convierte en un electrón libre y el 
material pasa a ser un dador de electrones, caracterizando al material como 
un semiconductor del tipo n. En cambio, cuando en un cristal de Si puro se 
adiciona átomos trivalentes (como B, Ga o In), los tres electrones de valencia 
son incapaces de formar los cuatro enlaces, y pasando a ser un aceptor de 
electrones, caracterizando al material como semiconductor del tipo p. 
En general, las diferentes propiedades de óxidos semiconductores 
pueden ser explicadas por un mecanismo que involucra la absorción de luz 
que resulta en la excitación de electrones localizados en la BV hacia la BC, 
originando un par electrón-hueco (e-h), seguido por un decaimiento 
electrónico espontáneo que permite la emisión de fotones [203]. 
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Figura 2.1. Estructura de bandas de un sólido (metal y semiconductor) y 
distribución de los electrones en los niveles de energía de la banda de 
valencia y de conducción.  
 
Además de conocer la energía de los niveles, debemos conocer su 
población, lo que se consigue mediante el cálculo de la densidad de estados 
(DOS). El DOS representa el número de niveles permitidos por unidad de 
volumen del sólido, en un rango de energía  y +d, y puede proyectarse 
sobre unos determinados átomos y/o orbitales, de manera que se puede 
analizar la contribución de los diferentes átomos y orbitales a cada banda.  
Para una capa cerrada, cada banda está ocupada por 2N electrones, 
siendo N el número de celdas. Si cada celda tiene n electrones, las n/2 bandas 
de menor energía estarán ocupadas y separadas de las de mayor energía por 
un “gap”. Si el sistema es de capa abierta o si hay cruzamiento entre las 
bandas, más de n/2 bandas estarán parcialmente ocupadas. La energía de 
Fermi, F, es aquella en la que el número de niveles con una energía inferior 
a F es igual a la mitad del número de electrones. De esta forma, en los 
conductores, el nivel de Fermi se situará dentro de la banda de conducción, 
estando ocupados todos los niveles por debajo del nivel de Fermi y no 
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habiendo electrones con energía superiores a F. En los semiconductores, el 
nivel de Fermi estará forzosamente en la banda prohibida entre la de 
conducción y la de valencia. 
Basándonos en lo anterior, se puede decir que las propiedades 
electrónicas de los sólidos dependerán de las energías de las bandas, de su 
amplitud y de las regiones prohibidas entre ellas. 
 
2.2.2. Estados electrónicos excitados 
 
os fenómenos ópticos asociados con la interacción radiación-materia 
involucran necesariamente la participación de los estados excitados 
que son poblados debido a la absorción de uno o más fotones por un 
sistema (cristal) en estado fundamental hacia un nivel de energía 
superior que corresponde al estado excitado. De esta forma, la estructura y la 
distribución electrónica de los diferentes estados tanto del fundamental como 
de los excitados es de fundamental importancia para entender las propiedades 
ópticas, como la fotoluminiscencia. Sin embargo, las emisiones 
fotoluminiscentes son de corta duración y los estados electrónicos excitados 
son altamente inestables y reactivos, haciendo que su caracterización y 
manipulación sean extremadamente complicadas desde un punto de vista 
experimental. 
Una herramienta alternativa para superar las dificultades encontradas en 
los experimentos consiste en emplear métodos teóricos y modelos 
computacionales, basados en la mecánica cuántica, para localizar y describir 
estos estados excitados, con el objetivo de determinar su geometría y la 
estructura electrónica y, por lo tanto, proponer un mecanismo que permita 
explicar las emisiones comportamiento fotoluminiscentes. 
 
 
Figura 2.2. Representación de la estructura electrónica de un semiconductor, 
utilizando los conceptos de BV y BC (izquierda), y los estados electrónicos 
fundamental, s y excitados singlete, s*, y triplete, t*(derecha).   
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Desde el punto de vista teórico, la modelización y caracterización de 
los estados electrónicos excitados y sus propiedades un reto para los métodos 
basados en la DFT, pues esta metodología corresponde a una teoría de estado 
fundamental. La combinación entre el método DFT convencional y 
restricciones adicionales sobre la densidad de carga, permite la obtención de 
un funcional de densidad adecuado para sistemas que requieren 
configuraciones electrónicas específicas. Así, se puede calcular la estructura 
electrónica de materiales en diferentes estados fundamental, normalmente 
singlete, y excitados (singlete y triplete), facilitando el estudio de las 
excitaciones electrónicas de óxidos semiconductores [204, 205]. 
El desarrollo de estas simulaciones requiere una ruptura de la simetría 
entre las ocupaciones electrónicas de los spin-orbitales, permitiendo la 
existencia de estados spin-polariza dos. En el caso de un estado singlete 
excitado, esta perturbación elimina la degeneración de los spin-orbitales a los 
niveles ocupados de mayor energía sin alterar la multiplicidad del modelo. 
Un estado electrónico excitado triplete requiere una redistribución electrónica 
que resulta en diferentes ocupaciones de los spin-orbitales (nα≠nβ). Este 
tratamiento permite que la naturaleza de los estados electrónicos excitados y 
sus respectivas geometrías puedan ser caracterizadas y analizadas, haciendo 
posible la descripción de los mecanismos de transferencia de carga entre los 
clústeres que constituyen la estructura cristalina del estado fundamental y de 
los estados excitados así como su relación con los efectos de orden-desorden, 
tanto estructurales como electrónicos, como se muestra en la Figura 2.2. 
La evaluación de la estructura electrónica mediante los análisis de DOS 
y estructura de bandas permite que la excitación electrónica pueda ser 
descrita por etapas. Así, la transferencia electrónica puede ser comprendida a 
partir de la localización de electrones y huecos en clústeres, que 
corresponden a las coordinaciones locales de los diferentes metales A y B, 
que constituyen la red 3-D. El análisis estructural y electrónico de los 
diferentes clústeres y sus modos de vibración, tanto del estado electrónicos 
fundamental como excitados, permiten describir las distorsiones estructurales 
que se originan de las transiciones electrónicas entre orbitales enlazantes y no 
enlazantes.  
Estudios anteriores, basados en ese tratamiento teórico, permitieron 
racionalizar el comportamiento fotoluminiscente del SrTiO3, evidenciando 
que la estabilización de los estados electrónicos excitados (singlete excitado y 
triplete) es acompañada por una distorsión tetragonal en clústeres de titanio, 
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[TiO6] a [TiO5.VO], caracterizando una transición orden-desorden .[206].  
Posteriormente, esta metodología fue aplicada para estudiar las propiedades 
luminiscentes del sistema CaWO4, comprobando que los estados excitados 
que resultan en la emisión fotoluminiscente se obtienen a partir de una 
distorsión en los clústeres [CaO8] y [WO4] [207]. Recientemente, este 
método ha sido ampliamente aplicado para la racionalización de 
comportamientos fotoluminiscentes en diferentes clases de materiales, como 
SrTiO3:Sm, BaZr1-xHfxO3, BaZrO3, como se muestra en la Figura 2.3, 
presentando un excelente acuerdo con resultados experimentales [208-211]. 
 
Figura 2.3. Celda unidad para estructuras s, s* y t* del sistema BaZrO3. 
 
2.2.3. Cálculos de las propiedades estructurales y electrónicas  
 
ara el cálculo y la optimización de las geometrías y estructuras 3-D de 
los materiales que estudiamos, partimos de la geometría obtenida por 
la difracción de Rayos X y refinamiento Rietveld, cuya posición de 
los diferentes átomos constituyentes en la red cristalina se conoce. 
Para el cálculo de la estructura 3-D más estable es necesario minimizar la 
energía total, por medio de la optimización de los parámetros de red y 
coordenadas de los átomos. Los criterios de convergencia utilizados fueron 
de 10
-8
 Hartree y se utilizó un mallado de puntos k adaptado a las 
dimensiones de cada sistema [212]. 
 En nuestros trabajos se describen los centros atómicos utilizando los 
conjuntos de bases pseudopotenciales para los átomos de Mo y Eu [213, 214] 
P 
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en BaMoO4, CaMoO4, ZnMoO4, ZnMoO4:Eu
3+
 y CaZrO3:Eu
3+
, 
respectivamente. Además conjuntos de base pseudopotencial derivado de 
Hay y Wadt y modificado por Cora et al. [215] se usan para la descripción 
del átomo W en BaWO4. Mientras que átomos de Ba [216], átomos de O 
[217], átomos de Ca [218], átomos de Zn [219] y átomos de Zr [220]  se 
describen mediante conjuntos de bases 6-31G*, respectivamente.  
 Los modelos computacionales se han construido usando una celda 
convencional 1x1x1, como unidad repetitiva para representar las estructuras 
3-D del “bulk” de los sistemas puros BaWO4 y BaMoO4 y solución solida 
BaW1-xMoxO4 (x =0.25, 0.50 y 0.75). Los modelos de superficies resultantes 
en BaWO4 y BaMoO4 consistieron en 4 unidades moleculares que contienen 
24 átomos. Sin embargo, los modelos de superficie en la solución solida 
BaW1-xMoxO4 (x =0.25, 0.50 y 0.75) consistieron en 4, 4, 4, 8, 4 y 4 
unidades moleculares para las superficies (001), (101), (110), (100), (111) y 
(112), respectivamente, simétricas y estequiométricas. Además, con el fin de 
investigar la distribución energética de los cationes de W
6+
 por Mo
6+
 en la 
solución sólida, se exploraron varias posiciones de sustitución en la celda 
convencional 1x1x1 para cada porcentaje estudiado, analizando las más 
estables. 
Para el cálculo del “bulk” y de las superficies del CaMoO4 con la 
estructura scheelita y simetría tetragonal se siguió el mismo procedimiento.  
El ZnMoO4 presenta una estructura tipo wolframita con simetría triclínica 
como ya se ha descrito en la figura 1.2. Este estudio surge de una 
colaboración experimental en la que se ha dopado este material con tierras 
raras (TR) en los porcentajes de ZnMoO4:TR
3+ 
(TR
+3
= 1% Tb, 1% Tm, 
x%Eu (x=1, 1.5, 2, 2.5 y 3%) en mol. Como el porcentaje de dopaje de TR es 
muy pequeño, es necesario utilizar tamaños de celdas muy grandes para 
simular estos sistemas, lo que hace que su cálculo sea muy costoso desde el 
punto de vista computacional. Por esta razón, solo hemos podido alcanzar un 
dopaje de 12.5% para ZnMoO4:Eu
3+
. La sustitución de los cationes Eu
3+
 por 
cationes Zn
2+
 genera un desequilibrio en las cargas dentro de la estructura 
cristalina de ZnMoO4, debido a que los estados de oxidación de los cationes 
son diferentes. Para mantener la neutralidad del sistema, se reemplazan 2 
cationes de Eu
3+
 por 2 cationes de Zn
2+
, con la creación de una vacante de 
Zn
2+
. De este modo, se ha modelizado una supercelda triclínica 1×2×2 con 
144 y 143 átomos en los materiales ZnMoO4 y ZnMoO4:Eu
3+
, 
respectivamente. El mismo número de átomos se ha utilizado para el estudio 
de las superficies (120), (011), (001), (201), (220), (100), (111) y (112) en 
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ambos sistemas. Se exploraron varias posiciones de sustitución en el “bulk” 
como en las superficies, analizando las más estables. 
Caracterizar la estructura y la distribución electrónica de los estados 
fundamental como de los excitados es clave para entender las propiedades 
ópticas, como la fotoluminiscencia que presenta el CaZrO3. El CaZrO3 
presenta una estructura ortorrómbica, y se ha modelizado la transformación 
del estado fundamental s a al estado excitado s* mediante un desplazamiento 
de 0.2 Å a lo largo de la dirección (001) en un 25% de los átomos de 
zirconio. Sin embargo, la transformación del estado fundamental s a un 
estado excitado triplete t* se obtiene realizando el mismo desplazamiento 
pero produciéndose otras distorsiones en la estructura debido a cambios en la 
multiplicidad de spin. Las superficies generadas para el estado fundamental 
contienen 8 unidades moleculares (en estado singlete) y 4 unidades 
moleculares (en estado de triplete) para (121), (100), (010), (101), (001), 
(111) y (011) superficies, respectivamente. 
Para el dopaje del CaZrO3 con Eu
3+
, se hace necesaria la construcción 
de un modelo de supercelda convencional 2x1x2 para simular el dopaje a la 
concentración de 12.5%. Para mantener la neutralidad del sistema, se 
reemplazan 2 cationes de Eu
3+
 por 2 cationes de Ca
2+
, con la creación de una 
vacante de Ca
2+
. El modelo de supercelda corresponde a 79 átomos tanto para 
el “bulk” como para las superficies (001), (121), (100), (011), y (111). 
Para confirmar la geometría de los estados electrónicos fundamental y 
excitados singlete y triplete de todos los sistemas estudiados, se comprobó 
que cumplen la condición de mínimo en las diferentes superficies de energía 
potencial, a la vez que se aseguró que las frecuencias vibracionales, asociadas 
a los modos normales de vibración, presentaban valores positivos. 
El estudio de las propiedades electrónicas del “bulk” y de las 
superficies en los trabajos descritos en el apartado anterior, se realizó a través 
del análisis de las estructuras de bandas y DOS proyectado en átomos y 
orbitales atómicos. En el análisis de las estructuras de bandas de energía se 
consideraron las 10 últimas bandas en la BC y las 10 primeras bandas en la 
BV, de acuerdo con los puntos k correspondientes para cada sistema en la 
primera zona de Brillouin como se presenta en la Figura 2.4. Asimismo, la 
diferencia de energía generada entre las bandas BV y BC, la llamada energía 
de “gap” (“band gap”), se calculó para el “bulk” y superficies. 
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Figura 2.4. (a) Estructura de bandas y (b) DOS, proyectado en átomos y 
orbitales atómicos. Se han considerado las 10 últimas bandas en la BC y las 
10 primeras bandas en la BV. 
 
2.2.4. Cálculo de las propiedades ópticas: fotoluminiscencia 
 
a evaluación de las propiedades ópticas se llevó a cabo utilizando los 
conceptos de la teoría de estados excitados descritos en el apartado 
2.2.2 de esta tesis doctoral, como una forma de investigar las 
propiedades fotoluminescentes de los materiales CaZrO3 y 
CaZrO3:Eu
3+
. 
Para estos estudios se utilizaron las geometrías ordenada y desordenada 
como describimos en el apartado 2.4.1.4, y posteriormente se procede al 
cálculo de los estados excitados singlete y triplete. El estado singlete excitado 
se calculó usando la geometría optimizada desordenada con un sistema de 
capa abierta y a continuación para el cálculo de triplete excitado fue necesaria 
una supercelda optimizada en un sistema de capa abierta y diferencia de espín 
α-β igual a 2. Adicionalmente, se utilizaron mapas de densidad de espín para 
evaluar y localizar los electrones desapareados. 
Conjuntamente, el análisis vibracional de los modos Raman.a nos 
permite establecer un mecanismo que permite explicar el paso del estado 
electrónico fundamental a los excitados excitados singlete y triplete.  
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2.2.5. Programas de cálculo y visualización. 
 
n esta Tesis Doctoral se ha utilizado el paquete de programa de 
cálculo CRYSTAL versión 2014 [221], que permite realizar cálculos 
periódicos desde 0, 1, 2 (“slabs” bi-dimensionales), y  a 3 
dimensiones (cristales). Para describir los átomos, los orbitales 
cristalinos se expresan como combinación lineal de productos de funciones 
gaussianas con diferentes exponentes, que dependen del número y tipo de 
átomos que contiene la celda unidad. El conjunto de bases puede englobar 
todos los electrones o puede representarse mediante pseudopotenciales, 
donde parte de los electrones quedan englobados en el “core” del átomo y no 
se tratan como electrones de valencia[222]. Los archivos de salida 
CRYSTAL14, contienen las coordenadas fraccionarias optimizadas y los 
parámetros de celda 2D optimizados para las diferentes surperficies de los 
sistemas que estudiamos. Todas estos “slabs” poseen carga neutral y retienen 
el centro de inversión o el plano del paralelo a la supeficie (hkl), para 
asegurar que el momento dipolar del “slab” es cero. [153, 154].  
Las figuras utilizadas en la creación de los mapas morfológicos, se 
construyeron de acuerdo con el teorema de Wulff con la ayuda del programa 
Visualization for Electronic and Structural Analysis (VESTA)  [223], que se 
implementó una forma de crear morfología de nano(cristales) por medio de 
las distancias de los planos hasta el centro del cristal. Esta distancia es 
directamente proporcional a la modulación de energía. 
Mediante el uso del programa JICE [224] se permite la visualización y 
clasificación los modos normales de vibración . 
Los mapas de densidad de spin para evaluar y localizar los electrones 
desapareados en CaZrO3 y CaZrO3:Eu
3+
 se han dibujado utilizando el 
programa X-Window Crystalline Structures and Densities (XCrySDen) 
[225]. Las figuras correspondientes al DOS y estructura de bandas de han 
obtenido con el programa ORIGINLab.  
Un esquema representativo de los cálculos periódicos utilizando el 
programa CRYSTAL y los programas de visualizaciones se muestra en la 
Figura 2.5. 
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Figura 2.5. Esquema de los programas de cálculo y visualización utilizados, 
con indicación de las propiedades calculadas con el programa CRYSTAL y 
visualizadas en los diferentes programas VESTA, JICE, ORIGINLab y 
XCrySDen.  
  
36 
  
37 
 
 
 
3. Objetivos 
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os objetivos de la presente Tesis Doctoral se pueden dividir en 
generales y específicos: 
 
Generales 
• Proporcionar una guía científica para el control morfológico de la 
síntesis de (nano)materiales. 
• Desarrollar un modelo termodinámico universal para predecir la 
morfología accesible de un material dado (nano). La modulación morfológica 
de cristales tridimensionales se ha demostrado utilizando la teoría del 
funcional de densidad para realizar a cabo los cálculos de primeros 
principios. 
•  Obtener mediante el uso del modelo y mediante el cambio de los 
valores relativos de las energías superficiales, tanto la morfología deseada 
como del camino que une la morfología ideal (más estable) a la morfología 
que se encuentra experimentalmente, que depende del método y las 
condiciones de la síntesis. Esta estrategia nos permite el control de las 
morfologías cristalinas, así como racionalizar los diferentes canales que 
parten de la morfología ideal. 
•  Este análisis combinado da lugar a un mapa completo de las 
morfologías accesibles en una amplia gama de (nano) materiales, y puede 
servir como una guía para que los investigadores, al analizar las imágenes 
de microscopía electrónica, obtengan una mayor comprensión de cómo 
controlar la forma del cristal sintéticamente ajustando la química de la 
superficie y controlando los valores relativos de las energías superficiales. 
• Utilizar los métodos teóricos y modelos computacionales basados en 
la mecánica cuántica, para localizar y describir estados excitados, con el 
objetivo de determinar su geometría y la estructura electrónica y, por lo 
tanto, predecir y explicar las emisiones fotoluminiscentes de los 
(nano)materiales.  
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            Específicos  
 
Las morfologías de algunos materiales scheelitas, wolframitas y 
perovskitas se manifiestan bajo diversas condiciones de preparación, como 
son el molibdato de bario (BaMoO4), wolframato de bario (BaWoO4), 
soluciones sólidas BaW1-xMoxO4 (x= 0.25, 0.5, 0.75), molibdato de calcio 
(CaMoO4), molibdato de zinc (ZnMoO4), y zirconato de calcio (CaZrO3). 
Estos son los materiales que investigaremos en la presente Tesis Doctoral 
en la que los siguientes objetivos específicos se pueden resumir del 
siguiente modo: 
• Estudiar la influencia de la sustitución de los cationes de W6+ por 
Mo
6+
 en la solución solida completa BaW1-xMoxO4 (x= 0, 0.25, 0.5, 0.75 y 1) 
en función de las propiedades estructurales, electrónicas, ópticas, frecuencias 
vibracionales y morfologías calculadas. Comparar todo ello con la parte 
experimental realizada a través de la microscopía electrónica.  
• Analizar la estructura y propiedades electrónicas de CaMoO4, la 
estabilidad de las correspondientes superficies y sus transformaciones 
morfológicas.   
• Investigar la influencia del dopante Eu3+ en la matriz de ZnMoO4, 
tanto en la geometría, estructura electrónica como en la morfología en 
función del análisis comparativo de los cálculos teóricos con la microscopía 
electrónica. 
• Comprender los espectros de fotoluminiscencia basados en la 
localización y caracterización de los estados electrónicos fundamental 
(singlete, s) y excitados (singlete, s* y triplete, t*), utilizando estructuras 
ideales y distorsionadas de CaZrO3 puro y dopado con Eu
3+
. Además, 
correlacionar sus correspondientes geometrías, morfologías, estructuras 
electrónicas y frecuencias vibracionales. 
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III. Título: Geometry, electronic structure, morphology and 
photoluminescence emissions of BaW1-xMoxO4 (x=0, 0.25, 0.50, 0.75, and 1) 
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Livro: Nova Science Publishers (2017).ISBN: 978-1-53612-226-8.  
Las síntesis y caracterizaciones experimentales descritas en estos cuatro 
trabajos se realizaron en el CDMF por la Dra. I. C. Nogueira y supervisión 
del Prof. E. Longo. El Dr. J. M. Rivas Mercury del Instituto Federal do 
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Universidad Federal de Goiás ayudo en la presentación y discusión de los 
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T.M. Duarte, que realizo una estancia predoctoral de un año en el LQTC, 
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del sistema BaSnO3. El Prof. Dr. J. Andrés y la Dra. Lourdes Gracia 
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con el Prof. Dr. Elson Longo en la redacción final de estos cuatro trabajos. 
Mi participación se ha centrado en la realización de los cálculos en el LQTC, 
análisis y discusión de los resultados teóricos, preparación de las figuras y 
tablas, la revisión bibliográfica y la redacción de los cuatro manuscritos.  
 
V. Título: Experimental and theoretical study to explain the morphology 
of CaMoO4 crystal. 
Autores: Fernanda Karine Fonseca de Oliveira, Marisa Carvalho Oliveira, 
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campo en el artículo V y VI. El Prof. Dr. J. Andrés y la Dra. Lourdes Gracia 
propusieron, planificarón y ayudaron en la realización de los cálculos, y junto 
con el Prof. Dr. Elson Longo en la redacción final de estos dos trabajos. Mi 
participación se ha centrado en la realización de los cálculos en el LQTC, 
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Revista: Journal of Alloys and Compounds 2017, 722, 981-995. (Materials 
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análisis y discusión de los resultados teóricos, preparación de las figuras y 
tablas, la revisión bibliográfica y la redacción de los dos manuscritos. 
En este capítulo presentaremos y discutiremos de forma resumida los 
resultados más relevantes que serán divididos en cuatro apartados, de acuerdo 
con los trabajos derivados de la presente Tesis Doctoral. 
4.1.  Artículos I, II, III y IV.  
anto el BaWO4, BaMoO4 y las soluciones sólidas BaW1-xMoxO4 
(x=0, 0.25, 0.50, 0.75, 1) presentan la estructura tetraédrica con 
grupo espacial I41/a. Esto nos permite realizar el resumen 
considerando los resultados de la solución sólida. El análisis de los 
valores de los parámetros de red (a y c), que se obtienen tanto por 
refinamento Rietveld como de los cálculos teóricos, señalaron la existencia 
de distorsiones electrónicas y estructurales en los clústeres [WO4], [MoO4] 
[BaO8] así como cambios en el parámetro de red y reducción de volumen de 
la celda unidad, debido el efecto de la sustitución de cationes de W
6+
 por 
Mo
6+
. 
La celda unidad convencional scheelita BaMO4 (M= W o Mo) contiene 
24 átomos que se muestra en las Figuras 4.1(a-e). Hay cuatro cationes W en 
la estructura generada a partir de la posición 4a Wyckoff por simetría, con el 
fin de investigar la energía de la distribución del catión Mo
6+
. Con el objetivo 
de encontrar la posición en la que la sustitución de W
6+
 por Mo
6+
, se 
exploraron las diferentes posibilidades y se encontró que la disposición más 
estable en BaW1-xMoxO4 (x = 0.25, 0.50, 0.75) presentado en las Figuras 
(4.1b-d). 
 
 
Figura 4.1. Representación de celdas unidad de cristales BaW1-xMoxO4: (a) 
x=0, (b) x=0.25, (c) x =0.50, (d) x =0.75 y (e) x =1.  
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Adicionalmente, las superficies se modelaron mediante la estructura del 
“bulk” y utilizando las descripciones del apartado 2.2.3. Los planos 
cristalográficos de las soluciones solidas de cristales BaW1-xMoxO4 (x=0, 
0.25, 0.50, 0.75, 1) se representan en la Figura 4.2. 
 
Figura 4.2. Representaciones esquemáticas de las diferentes superficies de 
soluciones sólidas BaW1-xMoxO4 (x = 0, 0.25, 0.50, 0.75 y 1). 
 
Los espectros Raman se han interpretado mediante el análisis de los 
modos de vibración activos, en particular los asociados a los tetraedros 
[MO4]
2-
 (M = M o W) presentes a altas frecuencias (927cm
-1
 en BaWO4 y 
894 cm
-1
 en BaMoO4), que se muestran en las Figuras 4.3(a-b).  
 
Figura 4.3. (a) Espectro Raman experimental y (b) representación de los 
modos normales Raman de las soluciones sólidas BaW1-xMoxO4 (x = 0, 0.25, 
0.50, 0.75 y 1). 
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Figura 4.4. Representación de los valores de los modos normales Raman 
calculado de las soluciones sólidas (a) x=0, (b) x=1, (c) x=0.25, (d) x=0.50 y 
(e) x=0.75. 
 
En la Figura 4.3a-b se muestra el espectro Raman experimental que 
indicó la existencia de una fuerte interacción entre los iones, que surgen de 
las vibraciones de estiramiento y flexión de los enlaces de metal-oxígeno 
[226]. Por otra parte, en las Figuras 4.4(a-e) se comparan los valores de los 
resultados experimentales y de los cálculos de los modos activos Raman para 
las soluciones sólidas BaW1-xMoxO4 (x=0, 0.25, 0.50, 0.75, 1). Un análisis de 
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los resultados indican la presencia de tres modos (Ag, Eg y Bg, 
aproximadamente en el rango 452-375 cm
-1
) no observados 
experimentalmente. Una explicación plausible para este resultado puede ser 
que estos modos tienen una intensidad muy baja y no son fácilmente 
detectables mediante técnicas experimentales. Los cálculos DFT en el 
método tienden a sobreestimar los valores de las frecuencias vibracionales; 
por lo tanto, se utilizó un factor de escala de 0.96 [227]. 
Las propiedades electrónicas de las soluciones solidas se analizaron 
mediante la estructura de bandas y la proyección del DOS sobre orbitales 
atómicos y átomos. El “bulk” y las superficies (001) y (112) que son las más 
relevantes en la morfología ideal, se muestran en las Figuras 4.5 (a-c) para el 
sistema a x=0.50 (BaW0.5Mo0.5O4), las demás composiciones se presentan en 
la Tabla 1, con los valores de la energía de “band gap” y de la energía 
superficial. 
 
 
 
Figura 4.5. Estructura de banda y densidad de los estados proyectados en 
átomos y orbitales para (a) “bulk”, (b) superficie (001), (c) superficie (112) 
para el BaW0.5Mo0.5O4. 
 
a) 
b) c) 
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Tabla 1: Valores calculados de la energía superficial y “band gap” para cada 
superficie en las soluciones sólidas BaW1-xMoxO4 para x = 0, 0.25, 0.5, 0.75 
y 1.  
Superficies Mo(%) Esuf 
(J/m
2
) 
Egap 
(eV) 
 0% 
25% 
  0.92 
0.55 
6.52 
5.92 
(001) 50% 0.54 5.97 
 75% 
100% 
0.54 
0.99 
5.69 
5.69 
 
 
(112) 
0% 
25% 
50% 
75% 
100% 
0.92 
0.65 
6.60 
6.14 
0.64   5.57 
0.63 
1.02 
  5.54 
 5.81 
 
 
(100) 
0% 
25% 
50% 
75% 
100% 
1.22 
1.09 
6.47 
5.49 
1.09  5.48 
1.08 
1.17 
 5.33 
5.38 
 
 
(110) 
0% 
25% 
50% 
75% 
100% 
1.10 
0.80 
6.45 
6.15 
0.79  6.14 
0.80 
1.23 
 5.49 
5.63 
 
 
(101) 
0% 
25% 
50% 
75% 
100% 
1.31 
0.91 
6.17 
6.16 
0.89  6.21 
0.90 
1.34 
 5.31 
5.09 
 
(111) 
0% 
25% 
50% 
75% 
100% 
2.06 
1.91 
 
1.89 Conductor 
1.90 
2.23 
 
A partir del análisis del DOS se verifica que los aniones oxígeno son 
los que presentan una mayor contribución a lo largo de la BV, con orbitales 
2p; mientras que los cationes de Mo y W contribuyen más significativamente 
en la BC con los orbitales 4d y 5d, respectivamente. En la estructura de 
bandas se muestra el camino seguido de puntos k de alta simetría Γ(0,0,0); 
X(0,0,1); M(1,1,0); X(0,1,0); Γ(0,0,0) de la zona de Brillouin. 
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Utilizando los valores de las energías superficiales calculadas y 
mediante la aplicación de la construcción Wulff ha sido posible obtener la  
morfología de los sistemas puros BaWO4 y BaMoO4 Figuras 4.6(a-b) y sus 
correspondientes soluciones solidas BaW1-xMoxO4 para x= 0.25, 0.50 y 0.75 
que se presentan en las Figuras 4.7. 
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Figura 4.6. Mapa de morfología para los sistemas puros (a) BaWO4 y (b) 
BaMoO4. Las energías de superficie están en J/m
2
. Las imágenes FE-SEM 
experimentales se incluyen para su comparación. 
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Figura 4.7. Mapa de morfología para la solución solida BaW1-xMoxO4 (x= 
0.25, 0.50 y 0.75) y energías de superficie en J/m
2
. La forma cristalina de 
equilibrio predicha por las construcciones Wulff ajustando los valores de las 
energías de las diferentes superficies. Las imágenes FE-SEM experimentales 
se incluyen para su comparación. 
 
En este estudio, el efecto provocado por la sustitución de cationes de 
W
6+
 por Mo
6+
 en la solución sólida BaW1-xMoxO4 se presenta principalmente 
por la alteración del orden de estabilidad entre (001) y (112) superficies, así 
como para las superficies (100) y (110). Aunque, ajustando los valores de 
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energía superficial desde la morfología ideal fue posible obtener la 
morfología experimental que se muestra en la parte superior de la Figura 4.7. 
 
4.2. Artículo V 
a representación esquemática de la estructura tetragonal (grupo 
espacial I41/a) de la celda  unidad del CaMoO4 con las 
coordinaciones locales de los átomos de Ca y Mo se presenta en la 
Figura 1.1. Las coordinaciones atómicas en las superficies se 
muestran en las Figuras 4.8(a-f). 
 
 
Figura 4.8. Las superficies y las distancias de enlaces de los átomos Ca-O y 
Mo-O: (a) (001), (b) (112), (c) (100), (d) (110), (e) (101) y (f) (111). 
 
Además, se calcularon las energías de las diferentes superficies, 
asumiendo la contribución de los vacantes de O presente en los clústeres Mo 
y Ca. Estos valores obtenidos se usaron para representar las diversas 
morfologías disponibles para CaMoO4, que se ilustra en la Figura 4.9. 
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 Figura 4.9. Mapa de morfologías de CaMoO4 con planos cristalinos (001), 
(112), (110), (101), (100) y (111). Para su comparación se muestran las 
morfologías experimentales, así como los reportados en la literatura. 
 
El análisis del DOS muestra contribuciones similares de los orbitales 
2p de los aniones oxígeno en la parte superior de la BV, mientras que la parte 
inferior de la BC se compone principalmente de los orbitales 4d de Mo como 
se muestra en la Figura 4.5. Además, el “band gap” es directo y con valor de 
4.92 eV en los puntos k de Γ a Γ. 
 
4.3. Artículo VI  
 
 l ZnMoO4 presenta una estructura triclínica (grupo espacial P1 ). En 
la Figura 1.2 se muestran las coordinaciones locales de los cationes 
Zn y Mo. La estructura de ZnMoO4:Eu
3+
 se representa en la Figura 
4.10. 
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Figura 4.10. Representación esquemática de la supercelda 1x2x2 triclínica 
correspondiente a ZnMoO4: Eu
3+
 (12.5%). 
 
Se realizaron los cálculos de la supercelda del “bulk” y de las 
superficies (120), (011), (001), (201), (220), (100), (111) y (112) 
correspondiente a 143 átomos, que se muestra en la Figura 4.11. 
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Figura 4.11. Representación teórica des superficies (111), (011), (100), 
(001), (220), (120), (112) y (201), correspondiente a ZnMoO4: Eu
3+
 (12.5%). 
 
Cuando se incorpora en la matriz de ZnMoO4 cationes Eu
3+ 
hay un 
exceso de cargas positivas y es necesario crear vacantes de Zn
2+
 para 
mantener la neutralidad de los sistemas. La presencia de estos defectos 
promueve la aparición de niveles electrónicos intermedios en las bandas, que 
contribuye para la disminución de los valores de energía del “band gap”. El 
análisis de las transiciones electrónicas experimentales indican un valor en el 
rango de 3.55- 4.25 eV, mientras que los cálculos predicen un valor para el 
“band gap” de 5.28 y 2.67 eV (Figuras 4.12a-b) para los sistemas ZnMoO4 y 
ZnMoO4:Eu
3+
 (12.5%), respectivamente.  
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Figura 4.12. DOS y estructura de bandas proyectados de (a) ZnMoO4 y (b) 
ZnMoO4: Eu
3+
. 
Los DOS que se muestran en las Figuras 4.12a-b, están compuestos 
principalmente por orbitales de oxígeno (px, py y pz) en la BV, mientas que en 
la BC están formados principalmente por orbitales de Eu y de Mo (dz
2
, dx
2
-y
2
, 
dxy, dxz, dyz). El “band gap” es indirecto ya que se produce a lo largo de los 
puntos k: FG (010 a 001) desde la parte superior de la BV hasta la parte 
inferior de la BC, aunque la estructura de bandas para el sistema dopado es 
muy plana.  
  Los morfologías de los cristales ZnMoO4 y ZnMoO4:Eu
3+
 se 
calcularon utilizando la construcción de Wulff, lo que nos permitió obtener el 
mapa de morfología para estos dos cristales, que se muestran en las Figuras 
4.13a-b, en el que aparecen las morfologías accesibles de estos materiales. 
 
a) 
b) 
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a) 
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Figura 4.13. Mapa de morfología para (a) cristales de ZnMoO4 y (b) 
ZnMoO4:Eu
3+
. Los valores de Esurf para (120), (011), (001), (201), (100), 
(220), (111) y (112) superficies están en J.m
-2
. 
 
Las superficies predominantes que componen la morfología ideal en los 
sistemas ZnMoO4 y ZnMoO4:Eu
3+
son (120), (001), (011), (201) y (100). Se 
pueden obtener otras morfologías modificando los valores relativos de las 
energías de la superficie de cada superficie, como se muestra en las Figuras 
4.13a-b. Por otra parte, en el mapa de la Figura 4.13b podemos encontrar la 
morfología experimental obtenida para ZnMoO4:Eu
3+
, mediante el aumento 
del valor de energía superficial de la superficie (100) a 3.60 J.m
-2
. Las 
morfologías experimentales presentadas en la Figura 4.13a han sido 
reportadas en la literatura en los trabajos de Jia et al. y Wang et al[228, 229]  
y se pudieron reproducir teóricamente al variar los valores relativos de 
energía superficial de las diferentes superficies. 
 
b) 
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4.4. Artículos VII y VIII 
reviamente, en la Figura 1.3 se ha presentado una estructura 
ortorrómbica perteneciente al grupo espacial Pcmn para el sistema
CaZrO3, así como las coordinaciones locales de los cationes Ca y Zr, 
correspondiente al estado electrónico fundamental.  La estructura de 
los estados electrónicos excitados s* y t* para CaZrO3 se representan en los 
apartados a) y b) de la Figura 4.14, respectivamente. 
Figura 4.14. Estados electrónicos excitados de CaZrO3: a) singlete, s* y b) 
triplete t*. 
Un análisis de la figura 4.14 muestra que la transformación del estado 
fundamental s a s* se produce por una ligera distorsión de los clústeres 
[ZrO6]. Para el estado t* se observa una expansión de los parámetros de celda 
P 
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de ~ 1.5%. En particular, el desplazamiento del átomo de Zr provoca una 
ligera distorsión de los clústeres Zr2 y Zr4, así como los clústeres Ca3 y Ca4, 
formando clústeres del tipo [CaO6+2]. 
 
 
 
Figura 4.15. Modos Raman calculados para el sistema CaZrO3, asociados 
principalmente al clúster octaédrico [ZrO6]: a) estado fundamental singlete, s, 
y b) estado excitado triplete, t*.  
  
 Un análisis y comparación de las frecuencias vibracionales Raman para 
s, s* y t*, ha dado lugar a los siguientes resultados: La estructura 
ortorrómbica experimenta un cambio hacia una simetría inferior sin ruptura 
de enlaces, lo que implica un efecto de orden-desorden estructural que se 
puede asociar al modo de estiramiento asimétrico del Zr-O de 544.99 y 
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544.28 cm
-1
 para s y s*, respectivamente. Por otro lado, la transición de los 
estados electrónicos excitados s* a t* corresponde a los movimientos 
vibracionales de 544.28 y 541.99 cm
-1
para s * y t *, respectivamente. Sin 
embargo, es importante tener en cuenta que las vías para llegar a los estados 
electrónicos s* y t* implican una nueva redistribución de espín que se asocia 
a una distorsión estructural que da como resultado nuevas configuraciones 
electrónicas. Los principales modos de vibración para s y t* se muestran en la 
Figura 4.15.  
 La relación de los modos normales de vibración y el orden-desorden 
estructural asociado al paso del estado electrónico fundamental a los 
excitados, ofrece la oportunidad para interpretar los estados excitados como 
posibles responsables del comportamiento fotoluminiscente. Durante el 
proceso de fotoluminiscencia, tiene lugar una ruptura de simetría a corto 
alcance, implicando a los dos tipos de clúster, es decir, distorsiones 
estructurales asociadas a una coordinación imperfecta principalmente 
relacionada con sitios Zr. Estos cambios estructurales son capaces de poblar 
los estados electrónicos excitados y por lo tanto generar nuevos modos de 
vibración Raman activos. El efecto de orden-desorden estructural está 
principalmente relacionado a la coordinación del catión Zr y los aniones O 
vecinos, cuyas distancias de enlace Zr-O en el estado t* se estiran y acortan a 
2.294 y 1.995 Å, respectivamente, 
 Para llevar a cabo el análisis electrónico, se ha calculado la estructura 
de bandas y el DOS proyectado en átomos y orbitales para los estados 
electrónicos s, s* y t*, se presentan en los apartados a, b y c de la Figura 4.16, 
respectivamente. 
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Figura 4.16. Diagramas de estructura de bandas y DOS para estados 
electrónicos de CaZrO3: a) s, b) s * y c) t *. 
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 A partir del análisis de las estructuras de las bandas observadas en la 
Figura 4.16 se obtiene un “band gap” directo con valor de 6.23 eV para s, 
mientras que los estados electrónicos excitados s* y t* presentan valores de 
6.14 eV y 3.5 eV, respectivamente. A partir del DOS observado para los 
estados s, s* y t*, se muestra que la BV superior está compuesta 
predominantemente por los orbitales atómicos 2p (px, py, pz) de los aniones 
de O y la parte inferior de la BC formado principalmente por los orbitales 
atómicos 4d (dxz, dxy, dyz, dz
2
, dx
2
-y
2
) de los cationes de Zr.  Para el estado t*, 
el desplazamiento del átomo de Zr causa una ligera distorsión de los enlaces 
Zr4-O6, Zr4-O10 y Zr2-O1, lo que lleva a la creación de estados electrónicos 
intermedios y una disminución en el valor de “band gap”. 
 La combinación de los cálculos de energía superficiales de los estados 
electrónicos fundamental y excitado t* asociados con la construcción de 
Wulff se ha utilizado para evaluar la morfología de CaZrO3, ya que se ha 
observado que las propiedades ópticas tales como fotoluminiscencia son 
fuertemente dependientes de las características estructurales y morfológicas 
del cristal (Figura 4.17 y Figura 4.18). Hemos obviado realizar el mismo 
cálculo para s*, ya que su geometría, y por tanto de las superficies son muy 
similares a la del s. 
66 
Figura 4.17. Una representación esquemática de las superficies y clústeres 
externos del estado s, s* y t* de CaZrO3 donde se representa la densidad de 
espín (en amarillo).  
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Figura 4.18. Morfologías de CaZrO3 para los estados electrónicos: a) s y b) 
t*.  
 La morfología ideal de CaZrO3 en estado fundamental s se describe a 
través de las  superficies (121), (100), (101), (001) y (010), mientras que en el 
t* la superficie (010) no aparece en la morfología ideal ya que su valor de 
energía superficial es menos estable que en el estado s. Asimismo, se observa 
una ligera modificación en el orden de estabilidad de las superficies de los 
estados s y t*, que es consistente con las configuraciones atómicas y la 
coordinación local de los átomos para cada superficie. La modulación de la 
morfología mediante disminución/aumento en los valores de energía de 
superficie para los estados s y t* de CaZrO3 se presentan en los apartados a y 
b de la Figura 4.18, respectivamente.  
 Por otra parte, cálculos teóricos para CaZrO3:Eu
3+
 (12.5%) muestran 
valores de “band gap” de 5.09 eV, 4.90 eV y 3.88 eV para s, s* y t*, 
respectivamente. La reducción de la energía de “gap” se debe a la densidad 
de defectos en el material dopado correlacionado con los cambios 
estructurales causados por la sustitución de cationes Ca
2+
 por cationes Eu
3+
 
en el clúster [CaO8].  
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 Un análisis del DOS muestra que los niveles superiores de la BV los 
constituyen los aniones O, mientras que la BC se compone principalmente 
por cationes de Zr y Eu con una pequeña contribución de átomos de Ca. 
Además, se observa la degeneración de las bandas tanto para la banda de 
valencia máxima como para banda de conducción mínima, que son sensibles 
al mecanismo de excitación que generan los estados electrónicos excitados 
(Figura 4.19).   
 
 
 
 
Figure 4.19. DOS y estructura de bandas para el estado excitado t *. 
  
 Asimismo, la fotoluminiscencia presentada en CaZrO3:Eu
3+
 puede estar 
asociada la morfología, ya que los defectos asociados con la concentración 
del Eu
3+
 causa defectos resultantes de la sustitución como de la generación de 
vacantes de Ca
2+
. La morfología de CaZrO3:Eu
3+
 en estado t* se ha basado en 
los valores de energía superficial para las superficies (001), (121), (100), 
(011) y (111), que se presenta en la Figura 4.20. 
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Figura 4.20. Representación esquemática de isosuperficies de densidad de 
espín (en amarillo) calculadas para modelos del “bulk” y de superficies de 
CaZrO3:Eu
3+ 
(12.5%) en el estado de triplete (t *). 
 
 Los valores de energía superficial siguen el orden de estabilidad (111)> 
(001)> (011)> (100)> (121) en estado s y (111)> (100)> (011)> (001)> (121) 
en el estado electrónico t*. La morfología ideal de los estados electrónicos s y 
t* para CaZrO3:Eu
3+ 
se presentan en las Figuras 4.21a-b. Asimismo, 
modificando el valor de la energía de las superficies usando el teorema de 
Wulff  es posible obtener otras morfologías para CaZrO3:Eu
3+
. 
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Figura 4.21. Representación esquemática de las morfologías accesibles del 
CaZrO3: Eu
3+
 (12.5%): (a) s y (b) t* 
a) 
b) 
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 La superficie (121) es la más inestable para el material CaZrO3:Eu
3+
, lo 
que evidencia una inversión del orden de estabilidad en comparación con el 
CaZrO3 puro (Figura 4.18), donde esta superficie se presenta con menor valor 
de energía de superficie. Asimismo, en la difracción de rayos X (Figura 4.22) 
realizado para ambas muestras se observa un desplazamiento alrededor de 
2θ=31.60 en la superficie (121), que sugiere el efecto de la inserción de 
cationes Eu
3+
 y vacantes de Ca
2+
 para la obtención de CaZrO3:Eu
3+  
produciendo  cambios en los parámetros de la red cristalina debido a la 
diferencia en el radio iónico con respecto al de los cationes Ca
2+
, que genera 
trasformaciones en la estructura cristalina de CaZrO3 y afecta principalmente 
en este plano, como se puede observar a partir de la amplificación del pico de 
difracción (Figura 4.22b). 
 
 
 
 
Figura 4.22. Difracción de rayos X de los cristales (a) CaZrO3 puro con 
planos indexados y CaZrO3:Eu
3+
 y (b) desplazamiento hacia la izquierda de 
los picos (200), (121) y (002). 
  
  
  
b) a) 
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5.Conclusiones 
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¿Puedo creer en la modelización y la simulación?' Es una pregunta frecuente 
tanto para los investigadores experimentales como teóricos. Responderla 
requiere una comprensión profunda de las fortalezas y las limitaciones de la 
modelización computacional y de los métodos de simulación empleados, así 
como las técnicas experimentales y sus rangos de aplicación. Es obligatorio 
realizar un diálogo autocrítico entre la teoría y experimento en lugar de hacer 
ambos por separado y dar confianza incondicional en los resultados de tales 
estudios de forma aislada. La combinación de ambos proporciona un campo 
fértil con oportunidades interesantes y una enorme gama de aplicaciones 
potenciales. Es crucial para el modelización entender los puntos de interés 
para experimentales, la complejidad de los sistemas químicos y cómo 
abordarlos de forma adecuado.  
Las simulaciones basadas en la mecánica cuántica complementan los 
experimentos y permiten entenderlos a nivel atómico, esto es pueden probar 
hipótesis e interpretar y analizar datos en términos de interacciones a nivel 
atómico no disponibles experimentalmente. El empleo conjunto y la 
comparación de los resultados teóricos y experimentales también pueden 
sugerir experimentos y simulaciones que pueden aumentar aún más nuestro 
conocimiento. Por lo tanto, los resultados que se obtiene de la simulación 
son sinérgicos con los que surgen de los nuevos experimentos, y a veces 
abren el camino para resolver los problemas donde los experimentos no 
pueden hacerlo. La mecánica cuántica está en el centro de este esfuerzo y 
proporciona el marco para una descripción de nivel atómico y molecular de 
la estructura química y reactividad que forman la base para la interpretación 
de los datos experimentales y proporciona orientación y guía para realizar 
nuevos experimentos. Por lo tanto, hay una gran oportunidad para la 
verdadera sinergia entre la teoría y experimento. Sin embargo, el punto de 
encuentro común deben ser las propiedades observables del sistema que se 
pretende investigar. Los observables incluyen morfología, geometría, 
estructura electrónica, las frecuencias vibracionales, cuando estén 
disponibles, y toda esta información es muy útil que es el punto de encuentro 
más fructífero para la teoría y experimentar en ciencia de materiales y 
nanotecnología. 
La morfología es una propiedad clave de los materiales y para el 
desarrollo de materiales funcionales es importante controlar su morfología y 
estructura, y el objetivo principal es comprender la química de la superficie, 
una vez que muchos procesos físicos y químicos toman lugar en las 
superficies. En la presente Tesis Doctoral se recogen un conjunto de 
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artículos publicados en los cuales se alcanzan los resultados mediante el uso 
conjunto de trabajos experimentales y teóricos.  
Las principales conclusiones se pueden resumir de la siguiente manera: 
(i) Hemos caracterizado las como las morfologías accesibles deel molibdato 
de bario (BaMoO4), wolframato de bario (BaWO4), soluciones sólidas 
BaW1-xMoxO4 (x= 0.25, 0.5, 0.75), molibdato de calcio (CaMoO4), 
molibdato de zinc (ZnMoO4), y zirconato de calcio (CaZrO3), aplicando la 
construcción de Wulff y utilizando la teoría del funcional de densidad para 
realizar a cabo los cálculos de primeros principios, para obtener la energía 
superficial de las diferentes superficies de estos materiales, con el objetivo 
de proporcionar una guía científica para el control morfológico de la síntesis 
de estos (nano)materiales. (ii) Los resultados presentados aquí confirman 
una variedad de morfologías que se pueden conseguir ajustando las 
estabilidades superficiales, que dependen de los métodos de síntesis y las 
condiciones de reacción. Existe una correlación entre la energía de la 
superficie y la densidad de enlaces rotos en cada una de las diferentes 
superficies. Así, al analizar las imágenes de microscopía electrónica, se 
puede obtener una mayor comprensión de cómo controlar la forma del cristal 
sintéticamente ajustando la química de la superficie y controlando los 
valores relativos de las energías superficiales. (iii) Hemos estudiado la 
estructura y propiedades electrónicas de CaMoO4, la estabilidad de las 
correspondientes superficies y sus transformaciones morfológicas. Esta 
estrategia permite la predicción de posibles morfologías de otros materiales 
inorgánicos controlando los valores relativos de las energías de las 
superficies, y explicar y racionalizar los resultados experimentales 
encontrados en la literatura. Este enfoque tiene el potencial de ser 
cuantitativo si se combina con medidas de morfología, por ejemplo, las 
obtenidas por TEM. Las morfologías experimentales se corresponden con las 
morfologías de crecimiento calculadas, mientras que las morfologías de 
equilibrio calculadas coincidieron con las observadas. (iv) Hemos 
investigado y realizado una comparación entre los resultados teóricos como 
experimentales para comprender  la influencia del dopante Eu
3+ 
en la matriz 
de ZnMoO4, tanto en la geometría, estructura electrónica como en la 
morfología. (v) Comprender los espectros de fotoluminiscencia, basados en 
la localización y caracterización de los estados electrónicos fundamental 
(singlete, s) y excitados (singlete, s* y triplete, t*), utilizando estructuras 
ideales y distorsionadas de CaZrO3 puro y dopado con Eu
3+
. Además, 
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correlacionar sus correspondientes geometrías, morfologías, estructuras 
electrónicas y frecuencias vibracionales. 
Para finalizar debemos señalar que este trabajo, que constituye la 
presente Tesis Doctoral, se encuadra dentro de una línea de investigación que 
se viene llevando a cabo en colaboración entre el grupo de Química Teórica y 
Computacional de la UJI, y el CDMF de la UFSCar desde hace casi 30 años. 
Esta colaboración se basa en el siguiente pilar “Los avances en la 
modelización y simulación computacional, basados en la aplicación de los 
métodos y técnicas de la química teorica y computacional,  se establecen 
como una componente fundamental en la investigación orientada y aplicada 
en áreas como el diseño racional de sólidos y (nano)materiales con 
propiedades químicas y físicas innovadoras”. La continuación de los trabajos 
aquí presentados deberian abordar al menos los tres siguintes aspectos: (i) 
Discenir si las morfologías observadas experimentalemente son impulsadas 
por la termodinámica (morfología de equilibrio), como se ha realizado en esta 
Tesis Doctoral, o por la cinética (morfología de crecimiento). Se necesitarán 
simulaciones dinámicas para investigar el mecanismo de crecimiento. (ii) 
incluir y evaluar sucesivamente la influencia del agua y/o la adsorción de 
impurezas en las superficies de los materiales estudiados, tanto en equilibrio 
como durante el crecimiento de materiales durante la síntesis. De hecho, para 
evaluar estos efectos de adsorción en la morfología del cristal, es 
fundamental un análisis en profundidad de la estructura y la energética de las 
caras de cristal actuando como sustratos. Las estructuras de las superficies 
optimizadas que se han determinado en este trabajo se pueden utilizar para 
calcular las energías de adsorción liberadas cuando las moléculas de agua o 
impurezas específicas se ponen en contacto con el cristal. (iii) incluir la 
densidad de spin en los mapas de morfología, lo que implicaría la 
consideración no solo de la energía superficial sino también la magnetización 
de cada una de las superficies, en la que hubiera electrones desapareados, y 
(iv) es necesario mejorar el método de cálculo utilizado para caracterizar los 
estados electrónicos excitados; el funcional de la densidad dependiente del 
tiempo podría ser una buena opción. 
 
Conclusions 
Can I believe in modeling and simulation?  It is a frequent question for 
both experimental and theoretical researchers. Answering it requires a deep 
understanding of the strengths and limitations of computational modeling and 
the simulation methods used, as well as the experimental techniques and their 
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application ranges. It is mandatory to conduct a self-critical dialogue between 
theory and experiment instead of doing both separately and giving 
unconditional confidence in the results of such studies in isolation. The 
combination of both provides a fertile field with interesting opportunities and 
a huge range of potential applications. It is crucial for the modeling to 
understand the points of interest for experimental, the complexity of the 
chemical systems and how to approach them in an appropriate way.  
Simulations based on quantum mechanics complement the experiments 
and allow them to be understood at the atomic level, that is, they can test 
hypotheses and interpret and analyze data in terms of interactions at the 
atomic level that are not experimentally available. The joint use and the 
comparison of the theoretical and experimental results can also suggest 
experiments and simulations that can further increase our knowledge. 
Therefore, the results obtained from the simulation are synergistic with those 
that arise from the new experiments, and sometimes open the way to solve 
problems where experiments can not do it. Quantum mechanics is at the 
center of this effort and provides the framework for an atomic and molecular 
level description of the chemical structure and reactivity that forms the basis 
for the interpretation of experimental data and provides guidance and 
guidance for conducting new experiments. Therefore, there is a great 
opportunity for true synergy between theory and experiment. However, the 
common point of convergence must be the observable properties of the 
system to be investigated. The observables include morphology, geometry, 
electronic structure, vibrational frequencies, when available, and all this 
information is very useful which is the most fruitful meeting point for the 
theory and to experiment in materials science and nanotechnology. 
Morphology is a key property of materials and for the development of 
functional materials it is important to control their morphology and structure, 
and the main objective is to understand the chemistry of the surface, since 
many physical and chemical processes take place on surfaces. In the present 
Ph. D, a set of published articles are collected in which the results are 
achieved through the joint use of experimental and theoretical works. The 
main conclusions can be summarized as follows: (i) We characterized the 
accessible morphologies of barium molybdate (BaMoO4), barium tungstate 
(BaWO4), solid solutions BaW1-xMoxO4 (x = 0.25, 0.5, 0.75) , calcium 
molybdate (CaMoO4), zinc molybdate (ZnMoO4), and calcium zirconate 
(CaZrO3), applying the Wulff construction and using the density functional 
theory to perform the first principles calculations, to obtain the energy 
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surface of the different surfaces of these materials, with the aim of providing 
a scientific guide for the morphological control of the synthesis of these 
(nano) materials. (ii) The results presented here confirm a variety of 
morphologies that can be achieved by adjusting surface stabilities, which 
depend on the synthesis methods and the reaction conditions. There is a 
correlation between the energy of the surface and the density of broken links 
in each of the different surfaces. Thus, by analyzing electron microscopy 
images, a greater understanding of how to control the shape of the crystal can 
be obtained synthetically by adjusting the chemistry of the surface and 
controlling the relative values of the surface energies. (iii) We have studied 
the structure and electronic properties of CaMoO4, the stability of the 
corresponding surfaces and their morphological transformations. This 
strategy allows the prediction of possible morphologies of other inorganic 
materials by controlling the relative values of the surface energies, and 
explaining and rationalizing the experimental results found in the literature.  
This approach has the potential to be quantitative if is combined with 
measurements of morphology, e.g., TEM. Experimental morphologies  were 
well-reproduced by calculated growth morphologies, while calculated 
equilibrium morphologies matched those observed. (iv) We have investigated 
and made a comparison between the theoretical and experimental results to 
understand the influence of the Eu
3+
 dopant in the ZnMoO4 matrix, both in 
geometry, electronic structure and in morphology. (v) Understand the 
photoluminescence spectra, based on the location and characterization of 
fundamental (singlet, s) and excited electronic states (singlet, s * and triplet, t 
*), using ideal and distorted structures of pure CaZrO3 and doped with Eu
3+
. 
In addition, correlate their corresponding geometries, morphologies, 
electronic structures and vibrational frequencies. 
To conclude, we must point out that this work, which is the present 
Doctoral Thesis, is part of a line of research that has been carried out in 
collaboration between the Theoretical and Computational Chemistry Group 
of the UJI, and the CDMF of the UFSCar since almost 30 years ago. This 
collaboration is based on the following pillar "The advances in computer 
modeling and simulation, based on the application of the methods and 
techniques of theoretical and computational chemistry, are established as a 
fundamental component in oriented and applied research in areas such as 
rational design of solids and (nano)materials with innovative chemical and 
physical properties ". The continuation of the works presented here should 
address at least the following four aspects: (i) Discerning if the morphologies 
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observed experimentally are driven by thermodynamics (equilibrium 
morphology), as has been done in this Ph. D., or by kinetics (morphology of 
growth). Dynamical simulations will be required to investigate the growth 
mechanism at the root of this phenomenon. (ii) to include and evaluate the 
influence of water and/or the adsorption of impurities on the surfaces of the 
materials studied, both in equilibrium and during the growth of materials 
during the synthesis. In fact, to evaluate these effects of adsorption on the 
crystal morphology, an in-depth analysis of the structure and energetics of the 
glass faces acting as substrates is fundamental. The optimized surface 
structures that have been determined in this work can be used to calculate the 
adsorption energies released when the water molecules or specific impurities 
come into contact with the crystal. (iii) to include the spin density in the 
morphology maps, which would imply the consideration not only of the 
surface energy but also the magnetization of each of the surfaces, in which 
there would be unpaired electrons, and (iv) it is necessary to improve the 
calculation method used to characterize the excited electronic states; the 
functional of the time-dependent density could be a good option. 
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a b s t r a c t
BaWO4 crystals have been obtained by a co-precipitation method, and their structures were character-
ized by X-ray diffraction and Rietveld reﬁnement techniques, while ﬁeld emission scanning electron
microscopy was utilized to investigate the morphology of the as-synthesized aggregates. Geometries,
bulk electronic properties, surface energies, and surface tension of the obtained BaWO4 crystals were
evaluated using ﬁrst-principles quantum mechanical calculations. A theoretical model based on the
Wulff construction was introduced to explain possible crystal morphologies by tuning their surface
chemistry, which is related to the relative stability of the faceted crystals. Both the experimental and
theoretical data revealed the presence of (112), (001), and (100) facets with low values of surface energy
in the BaWO4 crystals. The experimental morphologies of the as-synthesized samples are similar to the
theoretically obtained shapes when surface energy values for the (001) and (100) surfaces are increased
simultaneously.
& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction
Barium tungstate (BaWO4) crystals have attracted signiﬁcant
interest from many research groups due to their potential appli-
cations in scintillation devices, batteries, capacitors, photo-
catalysts, and, in particular, photoluminescent materials [1–6]. In
recent years, various synthetic methods have been used to pro-
duce BaWO4 crystals, such as co-precipitation (CP), sol–gel, mod-
iﬁed Pechini, solid state reaction, solution route, Czochralski, so-
nochemical, and hydrothermal techniques [7–24].
BaWO4 is a semiconductor that belongs to the family of
scheelites with crystallized tetragonal structures having the space
group I41/a and symmetry C4h
6 , in which Ba atoms are coordinated
to eight O atoms, while W atoms have tetragonal coordination of O
atoms; thus, the building blocks of the BaWO4 crystal are delta-
hedral [BaO8] and tetrahedral [WO4] clusters [14,25–30]. Distor-
tions of these clusters caused by the deformations of W–O and Ba–
O bond distances as well as by tilting of O–W–O and O–Ba–O bond
angles have a signiﬁcant effect on their geometry, surface struc-
ture, and related properties [14]. Various theoretical studies have
been published on the geometry as well as electronic and optical
properties of BaWO4 [19,31–33].
Surface properties of materials strongly depend on their mor-
phology that is characterized by types and relative areas of various
crystal facets, which usually can be tuned by tailoring their facets
with different surface atomic arrangements and coordination. In
general, the most stable surfaces control the crystal growth process,
while less stable crystal facets contain large numbers of kink atoms
in high-index planes [34]. Thus, studying the morphology of micro-
and nanomaterials is an essential step in understanding their phy-
sical and chemical properties, while controlled synthesis of speciﬁc
morphologies is critical for enhancing their performance in practical
applications [35,36]. In particular, morphology-controlled syntheses
of BaWO4 have been performed by various research groups [37–40].
Nevertheless, these methods are far from being optimized, and their
experimental aspects are still debated. In this context, experimental
surface energies cannot be readily attained, and computer modeling
and simulations are necessary to obtain surface characteristics of
BaWO4, which are powerful tools for exploring morphological
mechanisms at the atomistic/molecular level.
Contents lists available at ScienceDirect
journal homepage: www.elsevier.com/locate/ceramint
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Using a speciﬁc methodology, which has been applied to study
morphologies of various metal oxides such as SnO2 [41], PbMoO4
[42], and CaWO4 [43], we developed a combination of experi-
mental studies with ﬁrst-principles calculations to deeper in-
vestigate electronic, structural, and energetic properties control-
ling the morphology and related transformation mechanisms of
various metals and metal oxides such as Ag, anatase TiO2, BaZrO3,
and α-Ag2WO4 [44] as well as Co3O4, Fe2O3, and In2O3 [45]. Based
on the obtained results, we were able to explore facet-dependent
photocatalytic and antibacterial properties of α-Ag2WO4 crystals
[46] as well as the relationship between the photoluminescence
and photocatalytic properties of Ag3PO4 microcrystals [47] and
then identify and rationalize morphological, structural, and optical
properties of β-Ag2MoO4 microcrystals [48]. These cited papers
contain a description of the method of calculating surface en-
ergies, which were used to characterize the corresponding surface
morphologies.
The main goal of this article is to investigate the morphology of
the as-synthesized BaWO4 crystals characterized by X-ray dif-
fraction and Rietveld reﬁnement and ﬁeld emission scanning
electron microscopy techniques, as well as to simulate the crystal
shape possibilities using ﬁrst-principles quantum mechanical cal-
culations based on the Wulff construction.
2. Experimental
2.1. Synthesis of BaWO4 crystals
BaWO4 crystals were synthesized by a CP method at 353 K in
aqueous solutions. A typical synthesis procedure for the BaWO4
crystals can be described as follows: 1!10"3 mol of sodium
tungstate dihydrate (Na2WO4 #2H2O) (99.5% purity, Stream Che-
mical) and 1!10"3 mol of barium nitrate [Ba(NO3)2] (99% purity,
Sigma-Aldrich) salts were dissolved in two separate beakers con-
taining 50 mL of deionized water under constant stirring until it
reaches 353 K. Next, the barium nitrate solution was added to the
sodium tungstate dihydrate solution and maintained under agi-
tation at 353 K for 20 min. As a result, a white precipitate was
rapidly formed, which was washed with deionized water several
times. Finally, the obtained white precipitates were collected and
dried in a conventional furnace at 323 K for 8 h.
2.2. Characterization
BaWO4 crystals were structurally characterized by X-ray
diffraction (XRD) using a DMax/2500PC diffractometer (Rigaku,
Japan) with Cu Kα radiation (λ ¼ 1.5406 Å) in a 2θ range from 10°
to 110° with an angular step of 0.02° min"1. Rietveld reﬁnement
[49] of the obtained XRD patterns was performed by using a
general structure analysis (GSAS) program [50]. The diffraction
peak proﬁles were adjusted by utilizing Thompson-Cox-Hastings
pseudo-Voigt (pV-TCH) and asymmetry functions as described by
Finger et al. [51] Strain anisotropy broadening was corrected by
applying a phenomenological model described by Stephens [52].
Morphologies of the synthesized BaWO4 crystals were studied
with a ﬁeld-emission scanning electron microscope (FE–SEM)
(model Inspect F50, FEI Company, Hillsboro, OR) operated at 15 kV.
2.3. Computational methods and modeling
First-principles calculations were conducted within the fra-
mework of the density functional theory (DFT) using the CRYS-
TAL14 software package [53]. The gradient-corrected correlation
functional by Lee et al. [54] combined with the Becke's exchange
functional (B3LYP) [55] was used for all calculations. This method
has been successfully employed in various studies of bulk and
surface electronic and structural properties of perovskite [56,57],
tungstate [42,58,59], and molybdate-based materials [60]. Diag-
onalization of the Fock matrix was performed at adequate
k-points grids (Pack–Monkhorst 1976) in the reciprocal space.
The thresholds controlling the accuracy of the Coulomb and ex-
change integral calculations were set to 10"8 (ITOL1 to ITOL4)
and 10"14 (ITOL5), respectively, whereas the percentage of Fock/
Kohn–Sham matrices mixing was set to 30 (IPMIX ¼ 30) [61]. The
W atoms were described by large-core effective core potentials
derived by Hay and Wadt and modiﬁed by Cora et al. [62], while
the O [63] and Ba [64] atoms were represented by the 6-31G*
basis set.
The surface energy, Esurf [43,45], was calculated by using the
equation (Eslab"nEbulk)/½A, where nEbulk is the number of surface
molecular units multiplied by the energy of the bulk, Eslab is the
total energy of the surface slab per molecular unit, and A is the
surface area. The equilibrium shape of a crystal can be calculated
by utilizing Wulff constructions that minimize the total surface
free energy at a ﬁxed volume, providing a simple relationship
between the surface energy, Esurf, of a (hkl) plane and its distance
from the center of the crystallite in the normal direction [65]. The
Visualization for Electronic and Structural Analysis (VESTA) pro-
gram [66] has been utilized to obtain morphologies of the BaWO4
crystals. Band structures were calculated for 80 k-points along the
appropriate high-symmetry paths of the adequate Brillouin zone.
Fig. 1. A polyhedral representation of the BaWO4 unit cell. The local coordination corresponding to the deltahedral [BaO8] and tetrahedral [WO4] clusters is depicted for both
Ba and W atoms, respectively.
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Fig. 2. Schematic representations of the (001), (101), (110), (100), (111), and (112) surfaces. The values of Ba–O and W–O bond distances are listed for the superﬁcial Ba and W
atoms, respectively.
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The density of state (DOS) was obtained to analyze the corre-
sponding electronic structures.
Based on the theoretical and experimental results, seven
models were constructed using a single conventional 1!1!1 cell
as a repeating unit to represent bulk and surface structures. First,
structural and electronic properties were calculated for a perfect
bulk BaWO4 lattice (Fig. 1).
The representation of the BaWO4 bulk structure is shown in
Fig. 1. The W atoms are coordinated to four O atoms, producing
tetrahedral [WO4] clusters (with 4 vertices, 4 faces, and 6 edges).
Correspondingly, the Ba atoms are coordinated to eight O atoms,
resulting in a formation of [BaO8] clusters (with 8 vertices, 12 fa-
ces, and 18 edges) [67].
In the second step, different surfaces were modeled by using
unreconstructed (truncated bulk) [68] slab models with calculated
equilibrium geometries. The (001), (101), (110), (100), (111), and
(112) surfaces of BaWO4 were simulated considering symmetrical
slabs (with respect to the mirror plane). All surfaces were termi-
nated with O planes; and after the corresponding optimization
process and thickness convergence tests, the resulting slab models
consisted of four molecular units containing 24 atoms, as shown in
Fig. 2.
Note that the (101), (111), and (112) surfaces are terminated
with W and O atoms, while the other listed surfaces are Ba–O
terminated. The W surface atoms are coordinated to three or four
O atoms, forming [WO3] or [WO4] clusters, respectively, while the
Ba surface atoms are coordinated to three, ﬁve, or six O atoms,
forming [BaO3], [BaO5] or [BaO6] clusters, respectively.
Present equilibrium morphology models are derived from cal-
culated surface energies [65,69,70] using the assumption that
crystal faces with lowest surface energies control the crystal
morphology [71–73]. Since surface stability depends on atomic
conﬁgurations of exposed facets [74], the local coordination of
both the W and Ba atoms controls the crystal morphology of
BaWO4 and corresponding behavior of each surface (as shown in
Fig. 2).
Another important aspect that should be considered when
studying solid materials is a distinction between the surface en-
ergy, Esurf, and the surface tension, s. The surface tension is a
“surface stress” represented by a work force per unit area in the
surface layer [75,76]. The surface tension can be obtained using
the thermodynamic stability model described by the equation
s ¼ ∂Etot/∂A, where Etot is the total energy with contributions from
the particle bulk and surfaces. To calculate Etot, uniform dilation
with an area, ΔA (corresponding to a constant ratio between the
in-plane lattice parameters x:y) of the structure must be per-
formed while optimizing only the internal parameters (without
optimization of the in-plane cell parameters). Thus, Etot can be
calculated as ½(Eslab"nEbulk) for optimized structures and surfaces
after dilation. Therefore, by applying two-dimensional dilation to a
slab in the surface plane and calculating the total energy as pre-
viously described, a change in total energy (ΔEtot) after dilation
could be obtained for a given dilation area value.
3. Results and discussion
3.1. X-ray diffraction measurements and Rietveld reﬁnements
The crystal structure, the lattice parameters and the atomic
positions were obtained by using the Rietveld reﬁnement method
(Fig. 3). The calculated values for the BaWO4 structure are col-
lected in Table 1 and compared with experimental ones, as well as
with previous theoretical and experimental results [19,32,33].
The Rietveld reﬁnement results indicate that the obtained dif-
fraction patterns for the BaWO4 crystals match the corresponding
spectra in the Inorganic Crystal Structure Database (ICSD, card N°
250487) [77], as shown in Fig. 3, which compares the observed
patterns with the calculated ones. Low deviation values for the
statistical parameters Rwp, Rp, RBragg, and χ2 (14.73%, 9.32%, 5.45%
and 1.29%, respectively) were found, which indicate good quality
of the structural reﬁnements. The lattice parameters (a,
b ¼ 5.6149 Å, c ¼ 12.7326 Å and α ¼ β ¼ γ ¼ 90°) estimated from the
reﬁnements correspond to a tetragonal structure with space group
I41/a (N° 88) and four molecular formula units per unit cell (Z ¼ 4),
which conﬁrms the applicability of the CP method to the synthesis
of BaWO4 crystals.
As can be observed in Table 1, the agreement of our calcula-
tions with the experiments is reasonably good, being the unit-cell
volume underestimated by 3.3% and the axial ratio c/a agrees
within 2.2%. In addition, our structural data are according to pre-
viously reported theoretical and experimental results.
3.2. Band structure and density of states
The band structures and projected DOS for atoms and orbitals
in the bulk BaWO4 and (001), (101), (110), (100), (111), and (112)
surfaces are presented in Fig. 4.
The analysis of the principal components of atomic orbitals
(AOs) for selected bands shows that the BaWO4 valence band (VB)
mostly consists of 2px, 2py, and 2pz orbitals of the O atoms, with
the most important contribution coming from the 2px orbitals. The
Fig. 3. Rietveld reﬁnements for the BaWO4 crystals.
Table 1
Calculated and experimental values of the lattice parameters (a and c) and atomic
coordinates of the Ox, Oy, and Oz.
Data Cell parameters Oxygen coordinates
a (Å) c (Å) Ox Oy Oz
Theo. (this work) 5.5927 12.4055 0.2245 0.1219 0.04635
Exp. (this work) 5.6149 12.7326 0.2295 0.1294 0.05024
Exp. [5] 5.6102 12.7100 – – –
Exp. [2] 5.6063 12.7107 0.76731 0.14013 0.08188
Exp. [6] 5.615 (2) 12.722 (4) 0.2422 (2) 0.1403 (3) 0.0369 (9)
Exp. [10] 5.612 1 2.706 – – –
Exp. [14] 5.5682 12.7702 – – –
Exp/theo. [19] 5.611 12.6885 0.2415 0.0086 0.2126
Theo [32,33] 5.61 12.71 – – –
Exp. [77] 5.6034 12.6937 0.2336 (4) 0.0976 (6) 0.0499 (6)
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lowest part of the conduction band (CB) is composed of the 5dz2,
5dxz, 5dyz, 5dx2"y2, and 5dxy AOs of the W atoms, with the 5dz2
orbitals being the most important components for the bulk
BaWO4.
The band structure and DOS projected for the (001), (101),
(110), (100), (111), and (112) surfaces are shown in Fig. 4(b–g). The
gap energy, Egap, obtained for these surfaces is very similar to that
for the bulk crystal (see Table 2). However, the bands contributing
to the lowest part of the CB have different arrangements for each
studied surface, which affect the contribution of the W 5d orbitals
depending on the selected surface. It should be noted that the
(111) surface exhibits conducting behavior.
Fig. 4. Calculated band structures and DOS for the (a) bulk BaWO4 and (b) (001), (c) (101), (d) (110), (e) (100), (f) (111), and (g) (112) surfaces.
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3.3. FE-SEM analyses and morphologies of the BaWO4 crystals
The morphologies of the BaWO4 crystals obtained by FE–SEM
are depicted in Fig. 5.
As shown by the obtained experimental micrographs (Fig. 5)
[15], crystal morphologies can be modiﬁed by tuning surface en-
ergy values for various facets using the Wulff theorem and the
related construction method [65]. Taking into account the (001),
(101), (110), (100), (111), and (112) facets, various crystal
morphologies for BaWO4 are displayed in Fig. 6.
Fig. 2 shows the local coordination (clusters) for both the Ba
and W atoms of the (001), (101), (110), (100), (111), and (112)
surfaces. One of the most pronounced differences between the
bulk and surface structural properties is that due to the reduced
coordination of the O atoms in the top layers, the resulting va-
cancies produce spacing between the adjacent layers, thus pro-
viding a change in the values of the surface energy, i.e. modifying
the stability of the surfaces to generate the corresponding mor-
phology [78].
This observation can be conﬁrmed by the detailed analysis of
the results presented in Fig. 4, indicating small changes in the CB
for each studied surface as compared to the bulk. The Egap surface
values follow the order of stability for the BaWO4 surfaces ob-
tained from the results of theoretical calculations, which is (112)4
(001)4(110)4(100)4(101)4(111). Recent works of Gao et al.
[78,79] revealed that the morphology of scheelite crystals present
predominantly the exposed (112), (001), and (100) surfaces, being
the (112) surface the most stable. This result agrees with our
present data and previous results reported in the literature
[80,81]. Table 2 lists the corresponding values of the surface en-
ergy and tension. The analysis of the obtained results reveals a
similar trend for the given values except for the most stable
Table 2
Calculated values of the surface energy, surface tension, gap energy, and change in
total energy (ΔEtot) for a given value of dilation area (ΔA) for each surface.
Surface Esuf (J/m2) ΔEtot (Hartree) ΔA (Å2) r (J/m2) Egap(eV)
(112) 0.92 0.034 2.350 0.73 6.60
(001) 1.02 0.034 1.263 0.57 6.52
(110) 1.10 0.034 1.982 0.85 6.45
(100) 1.22 0.039 2.803 1.09 6.47
(101) 1.31 0.039 1.537 0.91 6.17
(111) 2.06 0.020 4.161 2.58 Conductor
Fig. 5. FE–SEM images of the BaWO4 crystals.
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surface, (112), which exhibits a higher value of surface tension
than that for (001). This phenomenon can be explained by noticing
that the (112) surface termination contains a large number of
undercoordinated atoms (relative to the bulk coordination) with
only three O atoms coordinated to each Ba atom. In addition, the
(101) surface is characterized by a low value of surface tension,
consistent with high stability due to six-coordinated Ba atoms,
which is observed only for the (001) and (101) surfaces.
The analysis of the theoretical results indicates that the most
stable surfaces are the (112), (001), and (100) facets ["7879],
which can form a truncated octahedron corresponding to the ideal
morphology (shown in the central part of Fig. 6). When the re-
lative stability of the facets changes (increases or decreases), more
than one facet type appears in the resulting morphology, produ-
cing morphology variations. A truncated cube can be obtained if
the surface energy of (112) is increased to 1.20 J/m2, while a edge-
truncated octahedron can be produced when the surface energy of
(101) is decreased to 0.80 J/m2 (see Fig. 6). Central part of some FE-
SEM images (shown in Fig. 5) is included in the left inset of Fig. 6,
which is the best well-faceted sighting to compare. A good
agreement between the experimental and theoretical morpholo-
gies is obtained when the values of surface energy for the (001)
and (100) facets increase simultaneously (see Fig. 6). Thus, varia-
tions in the ratio between values of surface energy affect the re-
lated morphologies and thus can be used to obtain correlations
with experimental results.
4. Conclusions
Crystal morphology is an important parameter for obtaining
high-quality crystals with excellent properties. BaWO4 crystals
have been synthesized as representative members of scheelite-
based materials by using the CP method. XRD and Rietveld re-
ﬁnement were utilized to structurally characterize the obtained
samples, while FE–SEM was used to investigate the morphologies
of the as-synthesized structures. The geometry, electronic prop-
erties of the bulk, surface energies, and surface tension of the
BaWO4 crystals were evaluated using ﬁrst-principles quantum
mechanical calculations.
As a result of this work, the following conclusions were ob-
tained: i) By using the Wulff's theorem, a simple model was pro-
posed to determine surface energies of BaWO4 crystals at atomic-
level resolution. ii) The proposed computational technique was
utilized to calculate equilibrium crystal morphologies. Using this
model, we were able to evaluate possible morphologies and
morphological transformations in BaWO4 by controlling the ratio
between surface energy values of each facet. iii) The stability order
of the BaWO4 surfaces obtained from the theoretical calculations
can be expressed as (112)4(001)4(110)4(100)4(101)4(111).
Our work indicates that the morphology of scheelite crystals have
(112), (001), and (100) as predominantly exposed surfaces, with
the (112) facet being the commonly exposed surface. iv) A trun-
cated octahedron corresponds to the ideal morphology predicted
for the BaWO4 crystals by theoretical calculations. However, a
truncated cube or edge-truncated octahedron can be obtained due
to the destabilization of the (112) surface or stabilization of the
(101) surface, respectively. v) The obtained experimental and
theoretical morphologies are similar when the values of surface
energy for the (001) and (100) facets increase simultaneously.
Modulations of the BaWO4 crystal morphologies resulting from
the theoretical simulations have been applied to explain the
changes observed at experimental conditions and clarify how the
knowledge of surface-speciﬁc properties can be utilized to design
crystal morphologies that exhibit improved performance in var-
ious applications. Using this knowledge, such modeling type can
Fig. 6. Crystallographic structures and morphology map for the BaWO4 crystals (the surface energy units are given in J/m2). The experimental FE–SEM images (inset) are
included for comparison.
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serve as a predictive tool to modify and ultimately control crystal
morphologies. Therefore, computational techniques combined
with experimental methods can be utilized to study morphologies
of materials that can profoundly affect their physical and chemical
properties as well as to improve the related performance of ma-
terials and innovate the material design.
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BaMoO4 crystals were obtained by a co-precipitation
method, and their structures were characterized by X-ray
diffraction and Rietveld refinement techniques. Field emis-
sion scanning electron microscopy was utilized to inves-
tigate the morphology of the as-synthesized aggregates.-
Through systematic first principle calculations within the
density functional theory method at the B3LYP level, we in-
vestigated the structure; the surface stability of the (001),
(101), (110), (100), (111), and (112) surfaces; and the morpholog-
ical transformations of BaMoO4. The relative surfaces en-
ergies were further varied to predict a complete map of the
available morphologies through a Wulff construction ap-
proach. This revealed that the obtained experimental and
theoretical morphologies coincided when the surface en-
ergy values of the (001) surface decreased while those of the
(100) and (101) facets increased simultaneously. Analysis of
the surface structures showed that the electronic proper-
ties were associated with the presence of undercoordinated
[BaOx] (x= 4, 5, and 6) and [MoOy] (y= 3) clusters. The pre-
sented results provide a comprehensive catalog of the mor-
phologies most likely to be present under realistic condi-
tions, and will serve as a starting point for future studies on
the surface chemistry of BaMoO4 crystals.
1 Introduction
Barium molybdate (BaMoO4) is a prototypical member
of the molybdate family with a scheelite-type tetrag-
onal structure. This compound has been prepared by
a plethora of synthetic routes including solid-state
reactions, Czochralski techniques, spontaneous crys-
tallization, microwave-assisted synthesis, hydrothermal
synthesis, co-precipitation, microemulsion, and com-
plex polymerization. [1–15] Of these procedures, co-
precipitation has been demonstrated to be one of the
most effective approaches to synthesize inorganic com-
pounds with interesting morphologies and regular parti-
cle size. [16–23].
The morphology of a given material is related to the
stability of their various corresponding exposed surfaces,
which can be rigorously described by their surface en-
ergies. In this context, first principle calculations have
been gradually developed and employed for the study of
crystal morphology. This has enabled the understanding
of the atomic and electronic properties of a crystal sur-
face, which has provided some insight into the features
of single crystal facets relevant to subsequent technolog-
ical applications. [24, 25] In particular, these applications
for BaMoO4 can be further enhanced or optimized by tai-
loring the surface atomic structures. [26–28].
It is well known that the morphologies of BaMoO4
are sensitive to the synthesis conditions, and a num-
ber of different shapes of BaMoO4 crystals have been
synthesized and studied such as penniform-like, [29]
flower-like, [30] nest-like, [31] and shuttle-like [32, 33]
shapes. Our group are engaged in a research project
devoted to developed and apply a working method-
ology, based on the joint use of experimental findings
and first-principles calculations, to obtain the elec-
tronic, structural and energetic properties controlling
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Fig. 1 Rietveld refinements of the BaMoO4 crystals synthesized at
80 °C using the co-precipitation method. ), XRD pattern using Cu
Kα radiation (λ= 1.5406 A˚) in a 2θ range from 10° to 110°.
the morphology and the transformation mechanism
of complex crystals. Very recently this strategy has
been used in BaWO4 crystals. [34] This work follows a
joint experimental and theoretical strategy on another
scheelite based material, BaMoO4 crystals, to obtain a
complete map of the morphologies available for this
material. In addition, based on these results, we are able
to rationalize how the different surfaces change their
energies throughout the synthesis process, and we are
able to propose the path by which the experimental and
theoretical morphologies of BaMoO4 can match.
This paper is divided into three sections. Next, our
results are presented and discussed and our main con-
clusions. Next, our results the experimental details and
the computational model andmethod used, are summa-
rized in the final section.
2 Results and discussion
2.1 X-Ray diffraction measurements and Rietveld
refinements
Figure 1 shows the Rietveld refinement plots for the
observed patterns versus the calculated patterns of
the BaMoO4 crystals obtained using a co-precipitation
method.
Themeasured diffraction patterns were well adjusted
to the ICSD N°. 250487. [35] All the diffraction peaks can
be readily indexed to the pure scheelite-type tetragonal
structure of BaMoO4 (space group: I41/a). No additional
phase peaks were observed in the resolution range, in-
dicating that the pure tetragonal phase BaMoO4 can be
obtained. The strong and sharp diffraction peaks sug-
gested the synthesized crystals were well-crystallized. To
confirm that the structure of the BaMoO4 crystals was
tetragonal and to determine the lattice parameters, cell
volume, and atomic coordinates, a structural refine-
ment using the Rietveld method was performed for the
BaMoO4 crystals.
The quality of the structural refinement was checked
using the statistical parameters Rwp, RBragg, Rp, and χ2
(12.50%, 5.78%, 8.67% and 1.36%, respectively). The
low deviations of these parameters, which indicates the
good quality of the structural refinement and numerical
results. A previous work, including structural refinement
data, showed that all the (Ba1-xSrx)MoO4 crystals were
crystallized in a scheelite-type tetragonal structure with
the I41/a space group, and four molecular formula per
unit-cell (Z = 4). [35] Our results (a, b = 5.5830(9) A˚, c =
12.8270(7) A˚) closely agree with the lattice parameters
reported for x = 0 of the solid solution, namely a, b =
5.58483(2) A˚, c = 12.82922(9) A˚. Variations in the atomic
coordinates related to oxygen atoms were observed in
Table 1. This is possible because the Ba andMo positions
were fixed by the crystal symmetry and only the atomic
positions for oxygen were refined. [36].
Figure 2 illustrates a schematic representation of a
single conventional 1×1×1 cell for BaMoO4. The lattice
parameters and atomic positions were confirmed using
Rietveld refinement to model this unit cell. In terms of
cluster organization, the Mo atoms are surrounded by
four oxygen atoms [MoO4] in a tetrahedral configuration
and Ba atoms are surrounded by eight oxygen atoms in a
deltahedral configuration [BaO8]. [8].
For comparison purposes, the calculated and experi-
mental values of the lattice parameters (a and c) and the
atomic coordinates of the oxygen atoms are presented in
Table 1.
These results are in good agreement with previous
experimental observations and calculations. [14, 35, 37–
44]. In addition, theoretical and experimental results can
be compared with previous studies of other scheelite-
type materials, [45, 46] where the calculations describe
precisely the evolution of the crystal structure on pres-
sure phases and help to understand the electronic and
structural properties.
2.2 Surface study
The surface energy values, Esurf, for (001), (101), (110),
(100), (111), and (112) surfaces were calculated in order
to correlate the theoretical and experimental studies.
2 www.crt-journal.orgC⃝ 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Calculated and experimental values of the lattice parameters (a and c) and atomic coordinates x, y, z of the oxygen.
Cell parameters Oxygen coordinates
Data a (A˚) c (A˚) x y z
Theo. (this work) 5.5927 12.4055 0.2311 0.1218 0.0460
Exp. (this work) 5.583(09) 12.827(07) 0.233(29) 0.126(67) 0.057(48)
Exp. [35] 5.5848 12.8292 0.2283 0.1353 0.0489
Theo [37, 38] 5.5364 12.7153 - - -
Exp. [39] 5.5479 12.7432 - - -
Exp. [40] 5.5622 12.8188 - - -
Exp. [41, 42] 5.5877 12.8067 - - -
Exp. [43] 5.573 12.786 - - -
Exp. [44] 5.580 12.810 - - -
Ep. [14] 5.5802 12.821 - - -
Interatomic distance(˚A) Calculated Experimental Difference
Ba-O 2.7249 2.718(40) −0.006
Ba-O 2.7610 2.848(42) 0.087
Mo-O 1.7855 1.708(97) −0.076
Fig. 2 A polyhedral representation of the BaMoO4unit cell. The lo-
cal coordination corresponding to thedeltahedral [BaO8] and tetra-
hedral [MoO4] clusters is depicted for both the Ba and Mo atoms,
respectively.
Surface energy is defined as the energy per unit area
required for forming the surface relative to the bulk and
is calculated according to:
Esur f = Eslab − nEbulk2A
where Eslab is the total energy of the 2D slab, nEbulk is
the energy of the corresponding amount of the bulk
BaMoO4 units, and A represents the surface area, which
is created on each side of the 2D slab and is repeated
periodically. After the corresponding optimization pro-
cess and convergence tests in thickness, slab models
consisting of four molecular units containing 24 atoms
were obtained. All these surfaces are presented in figure
3 with the coordination number, i.e., clusters of the most
exposed Ba andMo atoms.
Considering the surface atom distributions, we note
that the surfaces (101), (111), and (112) are exposed to a
vacuum by the Mo and O atoms, while the (001), (100),
and (110) surfaces are exposed by the Ba and O atoms.
Exposed Mo atoms can be coordinated to three or four
oxygen atoms, forming [MoO3] or [MoO4] clusters, re-
spectively. Exposed Ba atoms can be coordinated to four,
five, or six oxygen atoms, forming [BaO4], [BaO5], or
[BaO6] clusters, respectively.
Analysis of the results shows that the most stable sur-
face, the (001) surface, presents exposed [BaO6] clusters,
corresponding to the presence of two oxygen vacancies
compared to the bulk. However, in the (100), (110), (101),
and (111) surfaces there are undercoordinated [BaO5]
clusters associated to the presence of three oxygen
www.crt-journal.org 3C⃝ 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 3 Schematic representations of surfaces: a)
(001), b) (112), c) (100), d) (110), e) (101), and f) (111). The
values for the Ba–O andMo–O bond distances of the
exposed Ba and Mo atoms are given in A˚.
4 www.crt-journal.orgC⃝ 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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vacancies. On the (112) surface there are four oxygen va-
cancies, i.e., undercoordination at [BaO4]. Only the (111)
surface presents [MoO3] clusters, implying a breaking of
a Mo–O bond compared to the bulk. Since the bonding
interaction of a Mo–O bond is stronger than a Ba–O
bond, the stability of this surface is reduced compared
to the rest of the surfaces.
2.3 Morphologies of the BaMoO4 crystals
The conventional approach to the quantitative study of
morphology is through the determination of the surface
energy of each surface, as defined by the Wulff construc-
tion [47–49] using the ab initio calculated surface en-
ergies. From the Wulff construction, it is derived that
the surfaces with the lowest surface energies control the
crystal morphology of BaMoO4. [42, 43].
The FE-SEM images of the BaMoO4 crystals synthe-
sized at 80 °C by the co-precipitation method are shown
in figure 4. The micro-structured BaMoO4 crystals were
obtained immediately after the reaction between the
(Ba2+) and (MoO42-) ions. The speed of nucleation was
very fast.
The BaMoO4 crystals exhibited a large quantity of
particles with an agglomerate nature and polydisperse
sizes. The particles were of a considerable length with
a surface with many notches and well-formed perpen-
dicular branches (see figure 4).
The order of the stability of the BaMoO4 surfaces ac-
cording to the theoretical calculations is (001) > (112) >
(100) > (110) > (101) > (111) and the ideal morphology
of BaMoO4 is controlled by (001), (112), and (100), be-
ing their contribution 15.1%, 70.9%, and 14.0%, respec-
tively. Based on the results of the experimental micro-
graphs (see figure 4), it is possible to modify the ideal
morphology by tuning the values for the surface en-
ergies of the different facets using the Wulff construc-
tion. [47–50] Analysis of the theoretical results showed
that when the relative stability of the facets changes (in-
creases or decreases), more than one type of facet will
appear in the resulting morphology. The available mor-
phologies reflecting a change in the values of the surface
energy, i.e., modifying the stability of the surfaces to gen-
erate the correspondingmorphology, are depicted in fig-
ure 5. In order to obtain a similar morphology to the ex-
perimental FE-SEM images, the values of the surface en-
ergy for the (001) were increased and the surface energy
for (100) and (101) decreases, simultaneously (see right-
hand side of figure 5).
Recently, Gao et al. [51] reported that the surfaces of
scheelite crystal have predominantly exposed surfaces,
(001), (112), and (100) in themorphologies, with the (112)
crystal surface as the most commonly exposed surface.
[52–54] This result is in agreement with present result
our andwhose obtained in the previous study onBaWO4.
[34] A comparison between BaWO4 and BaMoO4 shows
that ideal morphology of both scheelites is similar. How-
ever, the experimental FE-SEM images are different for
both materials, i.e. 99.5% contribution of (112), 0.4% of
(100) and 0.1% of (001) in BaWO4 while 46.5% of (101),
46.9% of (100), 5.8% of (112) and 0.8% of (001) are found
for BaMoO4.
Another important aspect that should be considered
when studying solid materials is a distinction between
the surface energy, Esurf, and the surface tension, σ . The
surface tension is ”surface stress” represented by a work
force per unit area in the surface layer. [55, 56] The sur-
face tension can be obtained using the thermodynamic
stability model described by the equation σ = !Etot/!A,
where Etot is the total energy with contributions from the
particle bulk and surfaces. To calculate Etot, the uniform
dilation with area"A (corresponding to a constant ratio
between the in-plane lattice parameters, x:y) of the struc-
ture must be calculated while optimizing only the in-
ternal parameters (without optimization of the in-plane
cell parameters). Thus, Etot can be calculated as ½(Eslab
- nEbulk) for optimized structures and surfaces after di-
lation. Therefore, by applying two-dimensional dilation
to a slab in the surface plane and calculating the total
energy as previously described, a change in the total en-
ergy (&Etot) after dilation was obtained for a given dila-
tion area. The values for the surface energy and tension
are listed in Table 2.
The results collected in Table 2 show that the surface
(101) presents a low value of surface tension, consistent
with the stability provided by the six-fold coordination of
the Ba atom. Evidence of this was only observed for the
(001) and (101) surfaces.
Growth in the <001> direction, the most stable sur-
face, can be related to the differences in the surface en-
ergy, which can drive the morphology of products with
high tropism. The interaction of small particles may
have promoted growth of the crystals, forming large mi-
crostructures by self-assembly due to Oswald’s ripening,
because so many notches can be seen on the surface of
the crystals. [33, 57, 58].
The surface relaxation energy values, which are
associated with concerted layer breathing due to the
loss of atomic coordination, can be observed in Table
2. The (112) and (110) surfaces are found to be the
most prone to relax. The coordination number of the
exposed Ba atom is reduced to the middle, [BaO4],
compared to the bulk in the (112) surface, while the
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Fig. 4 FE-SEM images of the BaMoO4 crystals.
Table 2 The calculated values of the surface energy, surface tension, change in total energy (&Etot) for the area dilation (&A),
relaxation energy, and gap energy, for each surface.
Surface Esuf (J/m2) !Etot (Hartree) !A (A˚2) σ (J/m2) Relaxation (%) Egap (eV)
(001) 0.99 0.035 1.273 0.54 6 5.69
(112) 1.02 0.032 2.385 0.85 62 5.81
(100) 1.17 0.039 2.853 1.04 30 5.38
(110) 1.23 0.033 2.017 1.01 61 5.63
(101) 1.34 0.039 1.562 0.94 37 5.09
(111) 2.23 0.016 4.231 2.51 1 Conductor
[BaO5] cluster has the longest Ba–O distance (2.834 A˚) in
(110).
2.4 Band structure for the BaMoO4 bulk and surfaces
The band structures of the BaMoO4 were calculated for
80 k-points along the appropriate high-symmetry paths
of the adequate Brillouin zone. Diagrams of the density
of state (DOS) were obtained analysis of the correspond-
ing electronic structures shown in figure 6.
The calculated band structure and total DOS pro-
jected on atoms for the (001), (112), (100), (110), (101),
and (111) surfaces and the bulk BaMoO4 crystal are
shown in figure 6 (a–g). It can be easily seen that the up-
per valence band is composed predominantly of the O
2p states and the bottom of conduction band is mainly
attributed to the Mo 4d states and the O 2p states. Based
on the literature, AMO4 oxides with a scheelite structure,
such as BaMoO4, contain anMcation exhibiting the clos-
est valence to the nominal value of 6+, showing the cova-
lent property of the crystals, which is mainly contributed
by the Mo–O bond. [39].
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Fig. 5 Crystallographic structures and morphology map for the BaMoO4 crystals (the surface energy units are given in J/m2). The exper-
imental FE-SEM images (inset) are included for comparison.
In relation to the band structures, the differences in
the structural properties of the bulk and the surfaces
can be observed. This is due to the reduced coordina-
tion of the O atoms in the top layers, which causes spac-
ing between the adjacent layers due to vacancies. The
coordination numbers for the exposed metal atoms are
presented in figure 3. The essential features of the differ-
ent surfaces remain constant but significant differences
in the distribution of the electronic states is observed for
the (001), (100), (110), and (101) surfaces, where the re-
duced coordination environment of the surface termi-
nated oxygen atoms gives rise to a split-off feature in
the O 2p and Mo 4d partial DOS at the bottom of the
conduction band. Surface states reduce the bulk band
gap (5.8 eV) by 0.1–0.7 eV depending on the specific sur-
face, as can be observed in Table 2. At this stage, a note
of caution is mandatory, it is well known that DFT ap-
proach underestimates the band gap energy due to its
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Fig. 6 Calculated band structures and DOS for (a) bulk BaMoO4 and the (b) (001), (c) (112), (d) (100), (e) (110), (f) (101), and (g) (112) surfaces.
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independent particle picture. [59–62] All surfaces present
an insulating band gap except for the (111) surface,
which has a large surface energy value and exhibits a
conducting behavior. This can be attributed to the three
oxygen vacancies in the undercoordinated [BaO5] cluster
and one of them in [MoO3] cluster, being theMo-O inter-
action more covalent than Ba–O interaction. This result
is similar than in scheelite BaWO4 system. [34].
3 Conclusion
Systematic DFT calculations were carried out to study
the structure, surface stability (involving the (001), (101),
(110), (100), (111), and (112) surfaces), and morphologi-
cal transformations of BaMoO4. The experimental sim-
ulations complemented the FE-SEM techniques used
to investigate the morphology of the as-synthesized
BaMoO4 aggregates.
The main conclusions of this work can be summa-
rized as follows. i) A simple preparation route using a co-
precipitation method can provide an effective process to
synthesize inorganic compounds with interesting mor-
phologies and regular particle sizes with an easy han-
dling process and a short reaction time. ii) The building
blocks of the BaMoO4 structure were deltahedral [BaO8]
and [MoO4] clusters, i.e., a local coordination structure
for both the Ba and Mo atoms. iii) The order of stability
of the BaMoO4 surfaces according to theoretical calcula-
tionswas (001)> (112)> (100)> (110)> (101)> (111). iv)
The calculated morphology of the BaMoO4 based on the
Wulff construction was (112) (70.9%), (001) (15.1%), and
(100) (14.0%) with the (112) crystal surface as the com-
monly exposed surface. v) The relative energetics of all
the surface structures were modulated to obtain a com-
plete map of the morphologies available for BaMoO4,
which enabled us to identify where the observed mor-
phology from the FE-SEM images was located on this
map. vi) The obtained experimental and theoreticalmor-
phologies coincidedwhen the value of the surface energy
for the (001) surface decreasedwhile that of the (100) and
(101) surfaces simultaneously increased. vi) Analysis of
the surface structures suggested that the electronic prop-
erties could be associated with the presence of underco-
ordinated [BaOx] (x= 4, 5, and 6) and [MoOy] (y= 3) clus-
ters. vi) Finally, the present study could serve as an ap-
propriatemodel to clarify how knowledge about surface-
specific properties could be utilized to design crystal
morphologies that exhibit improved performances in
various applications.
4 Experimental section
Synthesis of the BaMoO4 crystals:BaMoO4 crystals were
synthesized by a simple co-precipitation route at 80 °C.
All chemical reagents were of analytical grade and were
used without further treatment. Sodium molybdate di-
hydrate (1 x 10-3 mol) (Na2MoO4.2H2O, StremChemicals,
99.95%) was dissolved in 50mL of distilled water at 80 °C
with vigorous stirring. Then, bariumnitrate (1 x 10-3 mol)
(Ba(NO3)2, Sigma-Aldrich, 99%), solubilized in 50 mL of
distilled water at 80 °C, was added under constant stir-
ring. The pH of the solution wasmaintained at 7, and the
temperature was maintained at 80 °C. Then, there was
a rapid formation of a white precipitate. This precipitate
was washed with distilled water several times. Finally, it
was collected and dried in a conventional furnace at 323
K for 8 h.
Characterization of the BaMoO4: The phase com-
position of the as-prepared sample was detected by
X-ray powder diffraction (XRD, D/MAX/2500PC, Rigaku,
Japan), operating at 40 kV and 150mA, CuKα radiation (λ
= 1.5406 A˚) in a 2θ range from 10° to 110°with a scan rate
of 0.02°/min. Rietveld refinement [63] of the measured
XRD pattern was carried out using the general structure
analysis (GSAS) program. [64] The diffraction peak pro-
files were adjusted using the Thompson–Cox–Hastings
pseudo-Voigt (pV-TCH) function and by an asymmetry
function, as described by Finger et al. [65] The back-
ground was corrected using a Chebyschev polynomial
of the first order. The strain anisotropy broadening was
corrected using the phenomenological model described
by Stephens. [66] A field-emission scanning electron mi-
croscope (FE-SEM, Inspect F50, FEI Company, Hillsboro,
OR) was used to observe themorphology of the particles.
Theoretical Calculations: In this work, we simulated,
considering symmetrical slabs (with respect to the mir-
ror plane), the (001), (101), (110), (100), (111), and (112)
surfaces of BaMoO4. Morphology studies have been car-
ried out on various metal oxides such as PbMoO4, [67]
CaWO4, [68] α-Ag2WO4, [24] and Ag3PO4, [69] as well as
Co3O4, Fe2O3, In2O3, [25] α-Ag2MoO4, [70] and BaWO4.
[34] All these studies have shown a combination of ex-
perimental and theoretical insights into the electronic,
structural, and energetic properties controlling the mor-
phology and transformation mechanisms, and the cor-
responding computational methodology, based on the
Wulff construction, can be found in these papers.
The calculations were carried out with the CRYS-
TAL14 computer program [71] within the framework
of the density functional theory (DFT) with the hybrid
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functional B3LYP. [72, 73] The atomic centers were de-
scribed using the basis sets for theMo [74] pseudopoten-
tial, and the O [74] and Ba [75] (6-31G* basis set) were de-
scribed by the standards, respectively. The Brillouin zone
was sampled using the Monkhorst–Pack method and at
different k-point grids according to the system size. The
thresholds controlling the accuracy of the calculation of
the Coulomb and exchange integrals were set to 10−8
(ITOL1 to ITOL4) and 10-14 (ITOL5), which assures a con-
vergence in total energy better than 10-7 a.u., whereas the
percentage of Fock/Kohn–Shammatrixmixing was set to
40 (IPMIX= 40). [76].
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Abstract  
The design of a solid solution with tunable electro-optical properties and multifunctionality is a promising 
strategy for developing novel materials. In this work, BaW1-xMoxO4 (x=0, 0.25, 0.5, 0.75, and 1) solid 
solutions have been successfully prepared for the first time by a co-precipitation method. Their crystal 
structure and phase composition were determined by X-ray diffraction and Rietveld refinements. Fourier 
transform infrared and micro Raman spectroscopy in combination with field-emission scanning electron 
microscopy (FE-SEM) were used to describe the microstructures and chemical compositions of the 
synthesized materials. The influence of chemical composition on morphology and photoluminescence 
(PL) emission has been analyzed. The geometry, electronic structures, and morphologies of BaW1-xMoxO4 
(x=0, 0.25, 0.5, 0.75, and 1) solid solutions were investigated by first-principles quantum-mechanical 
calculations based on the density functional theory. By using Wulff construction and the values of the 
surface energies for the (112), (001), (110), (101), (100), and (111) surfaces, a complete map of the 
available morphologies for the BaW1-xMoxO4 solid solutions was obtained. These results show a 
qualitative agreement between the experimental morphologies obtained using the FE-SEM images and 
the computational models. The substitution of W6+ by Mo6+ enhances the electron-transfer process due 
to a stronger Mo(4d)-O(2p) hybridization compared to W(5d)-O(2p) for the W/Mo-O superficial bonds, 
and is responsible for the change in morphology from BaWO4 to BaMoO4. Such a fundamental study, 
which combines multiple experimental methods and first-principles calculations, has provided valuable 
insight into obtaining a basic understanding of the local structures, bonding, morphologies, band gaps, 
and electronic and optical properties of the BaW1-xMoxO4 (x=0, 0.25, 0.5, 0.75, and 1) solid solutions.  
 
1. Introduction 
Alkaline earth molybdate and tungstate (AMoO4 and AWO4, A = 
Ba, Sr, or Ca) are inorganic compounds having the scheelite-type 
ABO4 structure, and exhibit interesting properties for a wide range 
of applications such as scintillators, luminescent materials, electro-
optical devices, and catalysts [1], [2], [3], [4], [5].  
From a structural point of view, in the tetragonal scheelite 
structure (space group I41/a), each hexavalent metal cation, Mo6+ 
or W6+, is tetrahedrally coordinated to four oxygen anions, yielding 
[MoO4] or [WO4] clusters. The alkaline earth bivalent metal cations, 
A2+, are located between these tetrahedral clusters, forming an 
eightfold coordination with the oxygen anions, i.e., [AO8] clusters  
[6] or [MoO4]/[WO4]  clusters being the building blocks of their 3-D 
structures. The versatility of this family of complex oxide crystals is 
owing to the fact that their physical and chemical properties 
depend on their composition, which in turn allows the tuning of the 
final properties by changing the chemical composition. Very 
recently, L. Liu et al. [7] have obtained different morphologies by 
adjusting the relative concentrations of solute, water, and ethanol, 
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while the mechanisms through which these morphologies were 
formed have been analyzed by using in situ scanning electron 
microscopy and atomic force microscopy. 
Our group has been engaged in a research project devoted to 
the study of the structural, morphological, and optical properties of 
BaWO4 [8] and BaMoO4 [9] microcrystals by using a combination of 
theoretical calculations and experimental techniques [10].  As an 
extension of these studies, in this work, we focus our attention on 
BaW1-xMoxO4 solid solutions, in which both BaWO4 and BaMoO4 
have the scheelite structure. When the W6+ cations in BaWO4 are 
partially replaced by the Mo6+ cations, the formation of a BaW1-
xMoxO4 solid solution is expected, and its structural, electronic, and 
optical properties can be tailored over a broad range, with the 
Mo/W ratio 0< x <1, opening the door to finding new materials that 
can exhibit a wide range of technologically relevant properties. 
Recently, Bouzidi et al. [11] have prepared BaW1-xMoxO4 solid 
solutions (x = 0.00, 0.05, 0.10, 0.15, and 0.20) by a solid state 
reaction method, while Vidya et al. [12] have prepared 
AMo0.5W0.5O4 (where A=Ba, Sr, or Ca) by a single-step modified 
combustion technique.  
Based on the above considerations, in this work, we seek to 
fulfill a four-fold objective. The first is to report, for the first time, 
the synthesis of novel BaW1-xMoxO4 (x=0, 0.25, 0.5, 0.75, and 1) 
solid solutions by employing a co-precipitation method. Secondly, 
X-ray diffraction (XRD), Fourier transform infrared (FT-IR), and micro 
Raman (MR) spectroscopy, in combination with field-emission 
scanning electron microscopy (FE-SEM) and Rietveld refinements, 
were employed to characterize the samples and determine the 
effect of their chemical composition on the morphology and 
photoluminescence (PL) emissions. The third aim is to investigate 
the geometry, electronic structure, and properties of BaW1-xMoxO4 
using the density functional theory (DFT). The fourth aim is to apply 
a joint experimental and theoretical strategy developed by us to 
obtain a complete map of the morphologies available for the BaW1-
xMoxO4 solid solutions. Based on these results, we hope to 
understand how the different surfaces change their energies 
throughout the synthesis process, and propose a mechanism by 
which the experimental and theoretical morphologies of the BaW1-
xMoxO4 solid solutions match. We believe that these novel results 
are of significant relevance, since they may inspire the efficient 
synthesis of these and related molybdate/tungstate solid solutions 
and provide critical information to expand our fundamental 
understanding of the effect of substitution of W by Mo in these 
compounds. 
This paper contains three more sections. The next section is the 
experimental section (synthesis and characterization), where the 
computational details are given. In section three, the results are 
presented and discussed. The main conclusions are summarized in 
the fourth and final section. 
2. Experimental procedures 
 2.1. Synthesis 
BaW1-xMoxO4 (x = 0, 0.25, 0.50, 0.75, and 1) solid 
solutions were synthesized by a co-precipitation method at 
80 °C. Sodium tungstate dihydrate (Na2WO4.2H2O, Stream 
Chemical, 99.5%, 1×10-3 mol) and sodium molybdate 
dihydrate (Na2MoO4.2H2O, Stream Chemical, 99.95%, 1×10
-3 
mol) were dissolved in 50 mL of distilled water at 80 °C by 
vigorous stirring. Then, 1 × 10-3 mol of barium nitrate 
(Ba(NO3)2, Sigma-Aldrich, 99%), solubilized in 50 mL of 
distilled water at 80 °C, was added to the previously 
mentioned solution. The solution was maintained at 80 °C 
until the BaW1-xMoxO4 crystals precipitated. This precipitate 
was washed with distilled water several times, collected, and 
dried in a conventional furnace at 50 °C for 8 h. 
2.2. Characterization 
To determine the phase composition and crystal 
structure of the as-synthesized BaW1-xMoxO4 (x = 0, 0.25, 
0.50, 0.75, and 1) crystals, X-ray powder diffraction (XRD) 
was employed in combination with Rietveld refinements [13] 
and the General Structure Analysis System program [14]. The 
measurements were carried out using a D/MAX/2500PC 
diffractometer (Rigaku, Japan) operating at 40 kV and 150 
mA with CuKα radiation (O= 1.5406$) in the 2θ range 10° to 
110° at a scan rate of 0.02°/min. The diffraction peak profiles 
were adjusted using the Thompson–Cox–Hastings pseudo-
Voigt (pV-TCH) function and an asymmetry function 
described by Finger et al. [15]. The background was 
corrected using a Chebyshev polynomial of the first order. 
The strain anisotropy broadening was corrected using the 
phenomenological model described by Stephens [16]. The 
high-quality powder diffraction data in combination with the 
Rietveld method allowed the refinement of a structural 
model (atomic coordinates, site occupancies, and atomic 
displacement parameters), as well as the profile parameters 
(lattice constants, peak shape, sample height, and 
background).  
The morphologies of the particles were observed with a 
field-emission scanning electron microscope, model 
InspectF50 (FEI Company, Hillsboro, USA), operated at 15 kV. 
The Fourier transform infrared spectroscopy (FT-IR) patterns 
were recorded in the range 250–1100 cm−1 using KBr pellets 
as a reference in a Bomen-Michelson spectrophotometer in 
the transmittance mode (model MB-102). Micro Raman (MR) 
spectroscopy was conducted on a Horiba Jobin-Yvon (Japan) 
spectrometer coupled to a charge-coupled device detector 
and Ar-ion laser (MellesGriot, United States) operating at 
514.5 nm with a maximum power of 200 mW. The spectra 
were measured in the range 48–1100 cm−1. The PL spectra 
were measured with a Monospec 27 monochromator 
(Thermal Jarrel Ash, United States) coupled to a R446 
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photomultiplier (Hamamatsu Photonics, Japan). A Kr ion 
laser (Coherent Innova 200 K, United States) (λ = 350 nm) 
was used as the excitation source. The incident laser beam 
power on the sample was maintained at 15 mW. All the 
measurements were performed at room temperature. 
 
2.3. Computational details 
Quantum-mechanical calculations using DFT at the B3LYP 
hybrid functional level [17], [18] have been carried out by 
means of the CRYSTAL14 computer code [19].  This method 
has been successfully employed in various studies of the bulk 
and surface electronic and structural properties of perovskite 
[20], [21], molybdate [22], [23], [9], and tungstate based 
materials [24], [25], [26], [8], as well as Ag2CrO4  [27], and 
LaVO4 [28]. 
The atomic centers were described using pseudopotential 
basis sets for the Mo [29] atom and large-core effective core 
potentials derived by Hay and Wadt, modified by Cora et 
al.[30] for the W atom; while the O [31] and Ba [32] atoms 
were described by the standard all-electron-basis sets (6-
31G* basis set).  
The irreducible edge of the Brillouin zones was sampled 
using the Monkhorst–Pack method [33] at different k-point 
grids according to the system size. The thresholds controlling 
the accuracy of the calculation of the Coulomb and exchange 
integrals were set to 10−8 (ITOL1 to ITOL4) and 10-14 (ITOL5), 
which assures a convergence in total energy better than 10-7 
a.u., whereas the percentage of Fock/Kohn–Sham matrix 
mixing was set to 40 (IPMIX = 40) for the calculation of the 
equilibrium geometries and electronic properties of the 
BaW1-xMoxO4 structures. 
The initial cell and atomic position parameters used in 
the optimization process were taken from the results of 
Rietveld refinements of BaWO4 and BaMoO4. The scheelite 
structure is characterized by barium atoms bonded to eight 
oxygen atoms, resulting in [BaO8] bisdisphenoid clusters, and 
the molybdenum or tungsten atoms coordinated to four 
oxygen atoms in a tetrahedral configuration, i.e., forming 
[MoO4] or [WO4] clusters.  
The scheelite BaWO4 conventional unit cell containing 24 
atoms is showed in Fig. 1(a). There are four W atoms in the 
structure generated from the 4a Wyckoff position by 
symmetry operations.  
In order to investigate the energetics of the Mo6+ 
distribution, several representative cells were generated, 
differing in the positions of the Mo6+ cations. In the most 
stable arrangement, the Mo6+ ions lie far apart, and the 
corresponding structures for BaW1-xMoxO4 (x=0.25, 0.5, 0.75, 
and 1) are depicted in Fig. 1(b), 1(c), 1(d), and 1(e), 
respectively.  
 
Figure 1. Unit cell representation of BaW1-xMoxO4 crystals: (a) 
x = 0, (b) x=0.25, (c) x =0.50, (d) x = 0.75, and (e) x=1. The 
constituent clusters: [MoO4], [WO4] and [BaO8] are depicted. 
 
The surface models containing 4, 4, 4, 8, 4, and 4 
molecular units for the (001), (101), (110), (100), (111), and 
(112) surfaces of BaW1-xMoxO4 (x= 0, 0.25, 0.50, 0.75, and 1), 
respectively, were used in the calculations, and are shown in 
Fig. 2. These surfaces were modeled using symmetrical slabs 
(with respect to the mirror plane), and all of them were 
terminated with the O planes. After the corresponding 
optimization process and thickness convergence tests, the 
resulting slab models consisted of four molecular units 
containing 24 ions on the (001), (101), (110), (111), and (112) 
surfaces, while the (100) surface was modeled containing 48 
ions, considering a thickness of the surface not lower than 7 
Å. 
 
Figure 2. Schematic representations of the different surfaces 
of BaW1-xMoxO4 (x = 0, 0.25, 0.50, 0.75, and 1) solid solutions. 
 
The surface calculations were based on the equilibrium 
morphology of a crystal predicted by the classic Wulff 
construction, which minimizes the total surface energy at a 
fixed volume, providing a simple correlation between the 
surface energy (Esurf ) of the (hkl) plane and its distance rhkl in 
the normal direction from the center of the crystallite [34]. 
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The surface energy (Esurf) is defined as the total energy per 
repeating cell of the slab (Eslab) minus the total energy of the 
perfect crystal per molecular unit for each percentage of 
solid solution, i.e., 0, 25, 50, 75, and 100% (Ebulk) multiplied 
by the number of molecular units on the surface (N) and 
divided by the surface area, A, per repeating cell of the two 
sides of the slab, as shown in equation (1). 
Esuf =  (Eslab – N·Ebulk)           (1) 
3. Results and discussion 
3.2. X-Ray diffraction and Rietveld refinements  
The structural study of the BaW1-xMoxO4 (x = 0, 0.25, 
0.50, 0.75, and 1) solid solutions was performed by means of 
XRD (Fig. 3) and Rietveld refinements (Fig. S1). 
 
Figure 3. X-ray diffraction patterns of BaW1--xMoxO4 (x=0, 
0.25, 0.50, 0.75, and 1) crystals.  
 
 An analysis of the XRD patterns displayed in Fig. 3 
shows that all the peaks can be indexed perfectly to a 
scheelite-type-tetragonal structure, with the space group 
symmetry I41/a and four molecular formula units per unit 
cell (Z = 4) [35]. The XRD peak patterns and Rietveld 
refinement plots of these crystals show good agreement 
between the experimentally observed XRD patterns and the 
theoretically fitted results (see Fig. S1(a-c)). The XRD 
patterns illustrate that all the diffraction peaks for the Ba(W1-
xMox)O4 crystals are monophasic, without the presence of 
secondary phases. Thus, it was proved that the substitution 
of W6+ by Mo6+ in the BaWO4 crystal lattice forms Ba(W1-
xMox)O4 solid solutions. The occupation sites of W
6+ and Mo6+ 
for each solid solution in the crystal lattice, as calculated by 
the Rietveld refinements, are presented in Table 1. The good 
quality for the structural refinements is evidenced by the low 
deviations of the statistical parameters (Rwp, Rp, RBragg and 
 2). These parameters are listed in Table 1 and suggest that 
the measured diffraction patterns are in good agreement 
with the ICSD entry No. 155511 [35].  
For comparison, first-principles calculations were used 
to determine the lattice parameters (Table 1) and atomic 
coordinates (Table S1) of the oxygen anions. These results 
are in good agreement with previous experimental 
observations. An analysis of the results shows that the 
substitution of W6+ by Mo6+ induces variations in the atomic 
coordinates of the oxygen atoms (see Table S1), indicating 
the existence of structural and electronic distortions in the 
[WO4], [MoO4], and [BaO8] clusters, as well as changes in the 
lattice parameters and a reduction in the unit cell volume.  
 
Table 1. Lattice parameters, unit cell volume, and statistical 
parameters of the BaW1-xMoxO4 (x = 0.25, 0.50, and 0.75) 
solid solutions obtained by Rietveld refinements and 
calculations. 
              Lattice Parameters 
Sample 
BaW1-xMoxO4 
Cell 
volume 
(Å)3 
α = β = γ = 90° 
Experimental Theoretical 
a =b (Å) c (Å) a  = b (Å) c (Å) 
x=0 401.42 5.614(9) 12.732(6) 5.581(4)     12.412(6) 
x=0.25 401.27 5.608(0) 12.759(0) 5.588(1)  12.445(0) 
x=0.50 400.81 5.599(3) 12.783(9) 5.594(1)     12.477(8) 
x=0.75 400.53 5.591(4) 12.811(0) 5.599(7)     12.519(2) 
x=1 399.83 5.583(0) 12.827(0) 5.602(6)    12.574(6) 
ICSD 155511 
BaWO4 
398.48 5.603(4) 12.693(7)  
RBragg(%) = 6.95a, 6.83b, 6.29c; χ2(%) = 1.14a, 1.20b, 1.27c; Rwp(%) = 
13.64a, 14.85b , 16.28c;  Rp(%) = 8.71a, 9.94b, 11.07c 
 
 
 
3.2.  Vibrational analysis 
Molybdate and tungstate crystals with the scheelite-type 
tetragonal structure present 26 different vibration modes: 
Γ(Raman + infrared) = 3Ag + 5Au + 5Bg + 3Bu + 5Eg + 5Eu, with Ag, 
Bg, and Eg being the Raman-active modes. Furthermore, the 
odd modes (Au and Eu) are the active vibrational modes in 
the infrared spectra [36]. The experimental/theoretical 
spectra are shown in Fig. 4 (a-f).  
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Figure 4. . MR spectra of BaW1-xMoxO4 (x=0, 0.25, 0.50, 0.75, 
and 1) solid solutions. (a) experimental spectra. In (b) x = 0, 
(c) x= 1, (d) x=0.25, (e) x = 0.50 and f) x = 0.75, the calculated 
values are compared with the experimental Raman-active 
modes. 
The Raman spectra of the scheelite structures can be 
interpreted in terms of the modes of the [MO4]
2- (M= Mo or 
W) tetrahedra, which can be considered as the constituent 
units in the structures. Thus, these modes can be classified 
either as internal vibrations (the [MO4]
2- (M= Mo or W) 
center of mass does not move) or as external vibrations 
(motion of the Ba2+ cations and the movements of the 
[MO4]
2- tetrahedra as rigid units). The corresponding 
representation for the tetrahedral symmetry is composed of 
four internal modes v1(A1) + ν2(E) + ν4(F2), one free rotation 
mode vfr(F1), and one translation mode ν3(F2); however, only 
some of these modes are active in the IR spectrum, namely, 
ν3, ν4(F2) [37].  
In the FTIR spectrum of BaW1-xMoxO4 (x = 0.25, 0.50, and 
0.75), the 3Bu vibrations are silent modes; one Au and one Eu 
modes are acoustic vibrations. The experimental FTIR spectra 
are illustrated in Fig. S2. A metal-oxygen band in the MO4
2- 
cluster (M=Mo and W) appears in the FTIR spectrum (see Fig. 
(S2)), corresponding to the internal modes indicated as the 
antisymmetric stretching (ν3(F2)) vibrations at 811–830 cm
-1 
and the bending vibration (ν4(F2)), observed as a strong band 
at about 380 cm-1.  
The experimental and calculated Raman-active modes 
are shown in  Fig. 4 (a-f), indicating the existence of a strong 
interaction between the ions, which arises from the 
stretching and bending vibrations of the shorter metal–
oxygen bonds within the anionic groups [38].  A comparison 
between the relative positions of the Raman-active modes 
for the BaW1-xMoxO4 (x = 0.25, 0.50, and 0.75) solid solutions 
are shown in Fig. 4 (b-f). DFT calculations using the B3LYP 
functional tend to overestimate the values of the vibrational 
frequencies; therefore, a scaling factor of 0.96 was used [39]. 
The calculations reveal the presence of three modes (Ag, Eg, 
and Bg, at approximately 452-375 cm
-1) not experimentally 
observed. A plausible explanation for this result can be that 
these modes have a very low intensity and are not easily 
detectable by experimental techniques. 
Two high-frequency bands centered at 927 cm-1 for 
BaWO4 and 894 cm
-1 for BaMoO4 are also present in BaW1-
xMoxO4 (x = 0.25, 0.50, and 0.75) solid solutions, which 
correspond to intense peaks in the Raman (Ag) mode and are 
assigned to the symmetric stretching ν1(A1) of the bonds 
*←O←M→O→+ (M=Mo and W), while the two Raman (Bg 
and Eg internal) modes at 836 and 792 cm
-1 are attributed to 
the asymmetric stretching v3(F2) of the bonds 
(→O→M→O→).  
The peaks located at 357 and 324 cm-1 are assigned 
(v4(F2), ν2(E)) to the rotational modes (Eg, Bg) as the bending 
modes. The free rotational vfr(F1) mode at about 188 cm
-1, in 
addition to the external peaks (vext) corresponding to the 
motions of MO4
2- and Ba2+ are shown at approximately 74, 
107, 126, and 143 cm-1, which are assigned to rotational (Ag, 
Eg) and translational modes (Bg). 
 
3.3. Photoluminescence emissions 
 
The PL spectra of the BaW1-xMoxO4 (x=0.25, 0.50, and 
0.75) solid solutions using the same excitation at 350 nm are 
depicted in Fig. 5.  
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Figure 5. PL spectra of BaW1--xMoxO4 (x=0,0.25,0.50,0.75,1) 
crystals. 
 
All the compositions (x =0, 0.25, 0.50, 0.75, and 1) exhibit 
PL emission peaks centered at 522, 520, 528, 512, and 528 
nm, respectively. We note that the emission is attributed to 
the charge transfer in the [MO4]
2- (M= Mo and W) complex. 
The wide visible emission originates from the charge-transfer 
transition between the O 2p orbital and the empty d orbital 
of the [MO4]
2- (M= Mo and W) tetrahedral structure, with 
excitation energies located within the band gap [40], [41], 
i.e., self-trapping electron states. The one ground state is 1A1 
and the four single excited states are 1A(1T1), 
1E(1T1), 
1E(1T2), 
and 1B(1T2) [42], [43] . 
The PL curves shown in Fig. 5 represent a different type 
of electronic transition that can be associated with a specific 
structural arrangement of [WO4] or [MoO4] clusters, and can 
also be observed in the experimental results obtained from 
the Raman spectra that show two high-frequency bands at 
927 cm-1 and 894 cm-1 for BaWO4 and BaMoO4, respectively, 
as well as for the BaW1-xMoxO4 (x = 0.25, 0.50, and 0.75) solid 
solution. In addition, we believe that the differences in the 
PL emission intensities presented in Fig. 5 are induced by the 
substitution of W+6 by Mo+6 as the BaW1-xMoxO4 (x = 0.25, 
0.50, and 0.75) solid solutions form, which can be associated 
with the influence of the chemical composition and 
electronic transition, as discussed in the next section.  
 
3.4. Electronic properties 
 
The local coordination of the superficial Mo6+ and W6+ is 
fundamental for describing the order of stability of the 
different surfaces of the BaW1-xMoxO4 (x=0, 0.25, 0.5, 0.75, 
and 1) solid solutions. The cleavage process associated with 
the slab model induces the presence of under-coordinated 
cations at the surface plane. Then, it is possible to find a 
relationship between the geometry, electronic structure, and 
surface energy values in order to discuss the order of 
stability of the investigated models.  
We note that all the surfaces expose the superficial 
[BaO6] or [BaO5] clusters. However, the (001), (112), (101), 
(110), and (100) surfaces present [MO4] (M= Mo or W) 
clusters, while the (111) surface shows superficial [MO3] (M= 
Mo or W) clusters, implying the breaking of a M-O bond 
compared to the bulk compound. An analysis of both the 
(001) and (112) surfaces reveals the presence of two-
coordinated superficial O anions, Ba-O-M (M=Mo or W) on 
the (001) surface, while on the (112) surface, we observe the 
appearance of two types of superficial O anions with a 
coordination of one, O-M, or two, Ba-O-M (M=Mo or W). 
Then, the (001) surface exhibits just one dangling bond per 
exposed oxygen anion, while the (112) surface presents 
oxygen anions with the lowest coordination numbers.  
The calculated values of the surface energy, relaxation, 
and gap energy for the different surfaces of the BaW1-xMoxO4 
(x=0, 0.25, 0.5, 0.75, and 1) solid solutions are presented in 
Table 2. The inversion in the stability order between the 
(001) and (112) surfaces with respect to pure BaWO4 can be 
associated with the inclusion of Mo6+ in the crystalline 
structure of BaW1-xMoxO4, inducing a stronger Mo(4d)-O(2p) 
hybridization compared to W(5d)-O(2p) for the superficial 
bonds that stabilize the dangling bond effect. This fact 
enhances the electron-transfer process on the surface plane, 
facilitated by the presence of the  Mo6+ cation. Therefore, we 
can argue that the (001) surface becomes more stable than 
the (112) surface in BaW0.75Mo0.25O4, BaW0.5Mo0.5O4¸ 
BaW0.25Mo0.75O4, and BaMoO4 due to the smallest 
contribution of the dangling bond effect to the value of Esurf.  
 
 
 
 
 
 
 
 
 
 
 
122
Journal Name Applied Surface Science 
 | 7 
Table 2. Calculated values of the surface energy, relaxation, 
and gap energy for each surface of BaW1-xMoxO4 solid 
solutions for x=0, 0.25, 0.5, 0.75, and 1.  
Surface Mo 
percentage 
Esuf 
(J/m2) 
Relaxation 
(%) 
Egap 
(eV) 
 0% 
25% 
1.02 
0.55 
 
7 
 
5.92 
(001) 50% 0.54 14 5.97 
 75% 
100% 
0.54 
0.99 
20 5.69 
 
 
 
(112) 
0% 
25% 
50% 
75% 
100% 
0.92 
0.65 
 
5 
 
6.14 
0.64 9   5.57 
0.63 
1.02 
12   5.54 
 
 
(100) 
0% 
25% 
50% 
75% 
100% 
1.22 
1.09 
 
4 
 
5.49 
1.09 8  5.48 
1.08 
1.17 
10  5.33 
 
 
(110) 
0% 
25% 
50% 
75% 
100% 
1.10 
0.80 
 
4 
 
6.15 
0.79 7  6.14 
0.80 
1.23 
10  5.49 
 
 
(101) 
0% 
25% 
50% 
75% 
100% 
1.31 
0.91 
 
4 
 
6.16 
0.89 8  6.21 
0.90 
1.34 
12  5.31 
 
(111) 
0% 
25% 
50% 
75% 
100% 
2.06 
1.91 
 
1 
 
1.89 1 Conductor 
1.90 
2.23 
1  
 
 
The calculated band structure and density of states (DOS) 
projected for the atoms and orbitals of BaW0.5Mo0.5O4 
corresponding to the (001), (101), (110), and (112) surfaces 
are displayed in Fig. 6. An analysis of the band structure and 
projected DOS presented here shows that the band gap 
values (see Table 2) are in the range 0.1–0.8 eV, and depend 
significantly on the local coordination of both Mo6+ and W6+ 
at the different surfaces. The main contribution to the 
valence band (VB) region is due to the 2p orbitals of the 
oxygen anions and a predominance of the dx2-y2 and dz2 
states of Mo6+ and W6+ found in the conduction band (CB) 
region.  
 
Figure 6. The band structure and density of states projected 
on atoms and orbitals for (a) (001), (b) (112), (c) (100), (d) 
(110) and (e) (101) surfaces at BaW0.5Mo0.5O4. 
 
In addition, theoretical methodology can contribute to an 
explanation for the optical properties, since a reduction in 
the band gap value is observed mainly in the cases of the 
(100) and (101) surfaces. The density of states projected on 
the atoms as a function of layer position for the (100) and 
(101) surfaces of the BaW1-xMoxO4 (x = 0.25, 0.50, and 0.75) 
solid solutions is presented in Fig. 7. 
 
 
Figure 7. Density of states projected on atoms as a function 
of layer position at (100) and (101) surfaces. 
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An analysis of Figure 7 shows that for the (100) and (101) 
surfaces the distribution of the energy levels of each layer of 
the BaW1-xMoxO4 (x=0.25, 0.50, 0.75) solid solution is related 
to the electron transfer from the O anions to the d orbitals of 
Mo6+ or W6+, which are the electronic transitions associated 
with the PL emissions. Furthermore, it was observed that the 
isoelectronic replacement of  Mo6+ by W6+ perturbs the 
energy-level distribution in the vicinity of the band-gap 
region, narrowing the corresponding excitation energy, 
mainly for the CB, since the 4d valence orbitals of Mo6+ have 
a lower energy than those of W6+ (5d). However, the results 
show that both the metals contribute equally in the lower 
energy region of the CB, suggesting a competition for the 
electron trapping mechanism, i.e., the excited electrons from 
the O (2p) levels can be located in both the [MoO4] and 
[WO4] clusters, which could be related to the non-linear 
wavelength displacement observed in the experimental PL 
emissions (Fig. 5). 
 
3.5. Morphology  
 
The conventional approach to the quantitative study of 
changes in morphology is by applying the Wulff construction 
using the calculated surface energies [34]. In previous 
publications, BaWO4 and BaMoO4 have been described in 
detail, and it was noted that the ideal morphology for the 
BaWO4 and BaMoO4 systems is defined mainly by their (112), 
(001), and (100) facets [9], [9], as presented in other 
scheelite crystals [44]. 
In order to describe the effects of the isoelectronic 
replacement of W6+ by Mo6+ on the morphology, the Wulff 
construction was applied to the intermediary composition of 
the BaW1-xMoxO4 solid solution. The ideal morphology of 
BaW0.75Mo0.25O4 is based on 79.24% of (112), 18.72% (001), 
and 2.04% (101). The ideal morphology of BaW0.50Mo0.50O4 
involves 79.41% of (112), 18.47% (001), and 2.12% (101). 
Finally, 80.81% of (112), 17.91% (001), and 1.28% (101) 
constitute the ideal morphology for the BaW0.25Mo0.75O4 
system. These calculated morphologies for the BaW1-xMoxO4 
system for x=0, 0.25, 0.50, 0.75, and 1 are presented in Fig. 
8. 
 
Figure 8. Ideal morphologies of BaW1-xMoxO4 (x=0, 0.25, 
0.50, 0.75 and 1) solid solutions. 
 
In this study, the effect induced by the substitution in the 
BaW1-xMoxO4 solid solution is the alteration of the order of 
stability between the (001) and (112) surfaces, as well as 
between the (100) and (110) surfaces. This effect on the 
exposed surfaces and relative surface energy values can be 
observed in Table 3. 
 
Table 3.  Surface energy values of the ideal morphology for 
the BaW1-xMoxO4 (x=0, 0.25, 0.5, 075, and 1) solid solution. 
The values in parentheses indicate the increased/decreased 
surface energy with Mo content.  
Surfaces
Surface Energy (Esurf)
BaWO4 BaW0.75Mo0.25O4 BaW0.5Mo0.5O4 BaW0.25Mo0.75O4 BaMoO4 ∆Total (BMO-BWO)
112 0.92 0.65 (-0.27) 0.64 (-0.01) 0.63  (-0.01) 1.02 (+0.39) (+0.10)
001 1.02 0.55 (-0.47) 0.54(-0.01) 0.54 (0) 0.99 (+0.45) (-0.03)
110 1.10 0.80 (-0.30) 0.79 (-0.01) 0.80 (+0.01) 1.23 (+0.43) (+0.13)
100 1.22 1.08 (-0.14) 1.09 (+0.01) 1.09 (0) 1.17 (+0.08) (-0.05)
101 1.31 0.91 (-0.40) 0.89 (-0.02) 0.90 (+0.01) 1.34 (+0.44) (+0.03)
111 2.06 1.91 (-0.15) 1.89 (- 0.02) 1.90 (+0.01) 2.23 (+0.33) (+0.17)
 
Table 3 lists the values of the surface energies values 
obtained for the BaW1-xMoxO4 (x=0, 0.25, 0.50, 0.75, and 1) 
solid solution, as well as the changes (increase or decrease) 
in surface energy for all the compositions. From the analysis 
of the corresponding surfaces, the order of stability of the 
BaWO4 system is: (112) > (001) > (110) > (100) > (101) > 
(111);  however, in the BaW1-xMoxO4 system, for x=0.25, 
there is a different order of stability, as follows: (001) > (112) 
> (110) > (101) > (100) > (111), which is maintained for the 
other solid solutions at x=0.50 and 0.75. This inversion in the 
(001) and (112) surface energy values, as well as those of 
(101) and (100), can be attributed to the presence of more 
Mo atoms in the system, as shown in Fig. 7. Thus, the 
morphology control and transformation mechanisms provide 
insights into the electronic, structural, and energetic 
properties. 
In order to better understand the disappearance of the 
(112) surface in the experimental micrographs passing from 
x=0.25 to 0.50 and 0.75, the morphologies of the BaW1-
xMoxO4 ( x= 0.25, 0.50, and 0.75 ) solid solution have been 
depicted in Fig. 9.  The ideal morphology changes by tuning 
the values of Esurf of the different surfaces, and a comparison 
between the theoretical and experimental morphologies for 
BaW1-xMoxO4 (x=0.25, 0.50, 0.75) is presented at the top of 
Fig. 9.  
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Figure 9. Equilibrium shapes of BaW1-xMoxO4 (x= 0.25, 0.50, 
0.75) solid solutions via the Wulff construction principle. 
Experimental micrographs are also included for comparison 
purposes. Surface energy is in J m-2.  
Fig. 9 shows a schematic representation map of the 
morphologies of the BaW1-xMoxO4 (x= 0.25, 0.50, and 0.75) 
solid solution, in which the transformations are obtained by 
tuning the surface energies of the different surfaces. 
In this work, three ideal morphologies were considered 
(Fig. 9(a)),  based on the results presented in Table 3, that 
indicate insignificant differences in surface energy values for 
the compositions x =0.25, 0.50, and 0.75; therefore, we 
assume only an ideal morphology. 
In order to obtain a morphology similar to that observed 
in the FE-SEM images, it is necessary to make a 
morphological modulation of the theoretical surface 
energies values. In this case, we started with the ideal 
morphology a and decreased the (100) surface energy value 
to 0.72 J/m2, while simultaneously decreasing the 
corresponding value for (101) to 0.79 J/m2, generating the 
shape b. The shapes c and d were created by decreasing the  
surface energy values to 0.74 and to 0.70 J/m2 respectively. 
An increase in the (001) surface energy value to 1.10 J/m2 
and a simultaneous decrease in the (101) surface energy 
value to 0.77, 0.72, and 0.69 J/m2 generates the shapes e, f 
and g. 
 Finally, the increase in the surface energy value to 1.50 
and to 1.60 J/m2 for (001) was simulated, simultaneously 
increasing the  (112) surface energy value from 0.64 to 0.95,  
0.89, and 0.86 J/m2, as well as decreasing the energy value 
for (100) surface to 0.56 J/m2, generates shape h. An 
important objective of this study is to compare experimental 
and theoretical results and consider their differences in 
order to arrive at an understanding of the real system. 
Conclusion 
 
The formation of solid solutions BaW1-xMoxO4 (x=0, 0.25, 
0.5, 075, and 1) by using a simple co-precipitation method 
was reported for the first time, and their crystal structures 
and phase compositions were experimentally determined, 
employing XRD with Rietveld refinements. FT-IR and MR 
spectroscopy, in combination with FE-SEM, were used to 
describe the microstructure and chemical composition of the 
synthesized materials. First-principles calculations were 
performed to obtain the relative stability of the (112), (001), 
(110), (101), (100), and (111) surfaces, and Wulff 
construction was employed to rationalize the crystal 
morphologies observed in the FE-SEM images. This study is 
designed to serve as a roadmap of the available 
morphologies of the BaW1-xMoxO4 solid solutions (x=0, 0.25, 
0.5, 075, and 1) in order to understand the fundamentals, 
key advantages, and potential applications of the 
transformation processes along the synthesis pathway, 
where the experimental and theoretical morphologies of the 
BaW1-xMoxO4 solid solutions are well-matched. We showed 
that the substitution of W6+ by Mo6+ enhances the electron-
transfer process due to a stronger Mo(4d)-O(2p) 
hybridization compared to W(5d)-O(2p) for the W/Mo-O 
superficial bonds; this is responsible for the change in 
morphology from BaWO4 to BaMoO4. 
The synthetic approach and findings reported here are 
important for understanding the structure–property 
relationships of molybdate/tungstate compounds, which 
have potential applications in the design of novel functional 
materials.  
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A B S T R A C T
CaMoO4 crystals were prepared by a controlled co-precipitation method and processed in a domestic microwave-
assisted hydrothermal system with two different surfactants (ethyl 4-dimethylaminobenzoate and 1,2,4,5-ben-
zenetetracarboxylic dianhydride). The corresponding structures were characterized by X-ray diffraction and
Rietveld reﬁnement techniques, Fourier transform infrared spectroscopy, ultraviolet–visible absorption spec-
troscopy, and photoluminescence measurements. Field emission scanning electron microscopy was used to
investigate the morphology of the as-synthesized aggregates. The structure, the surface stability of the (001),
(112), (100), (110), (101), and (111) surfaces of CaMoO4, and their morphological transformations were
investigated through systematic ﬁrst-principles calculations within the density functional theory method at the
B3LYP level. Analysis of the surface structures showed that the electronic properties were associated with the
presence of undercoordinated [CaOx] (x ¼ 5 and 6) and [MoOy] (y ¼ 4 and 3) clusters. The relative surfaces
energies were tuned to predict a complete map of the morphologies available through a Wulff construction
approach. The results reveal that the experimental and theoretical morphologies obtained coincide when the
surface energies of the (001) and (101) surfaces increase, while the surface energy of the (100) facet decreases
simultaneously. The results provide a comprehensive catalog of the morphologies most likely to be present under
realistic conditions, and will serve as a starting point for future studies on the surface chemistry of CaMoO4
crystals.
1. Introduction
Calcium molybdate (CaMoO4) belongs to the scheelite family with its
AMoO4 formula, where A is Ca, Sr, or Ba, and has a tetragonal structure
with space group I41/a [1,2]. This type of structure is composed of
dodecahedral [CaO8] clusters and tetrahedral [MoO4] clusters connected
via common vertices. In turn, [CaO8] polyhedra are connected via the
edges and form a 3D framework [2–4] in which the Ca–O–Mo moiety
can act as a “hinge,” allowing the [MoO4] cluster more rotational
freedom [5] to generate a structural disorder at the [CaO8] and [MoO4]
clusters throughout the scheelite lattice [6,7].
CaMoO4 (nano)crystals have received great attention, and many
different preparation methods have been reported, such as solid-state
reaction [8,9], citrate complex methods [10,11], a galvanic cell
method [12], sol-gel methods [13,14], an ultrasound method [15], hy-
drothermal methods [16,17], a free surfactant sonochemical method
[18], chemical deposition [19–22], precipitation [23], co-precipitation
[24–27], and microwave-hydrothermal [2,11,28–33]. From the theo-
retical point of view, the geometry, electronic properties, and optical
properties of CaMoO4 have been investigated by density functional the-
ory (DFT) methods [34–36].
In recent years, the search for the relationship between morphology
and properties has attracted increasing attention to the ﬁeld of material
research. The performance of various crystal facets is linked to unique
surface features such as local electronic structure [37], atomic termina-
tion [38], atomic population [39], coordination patterns [40], dangling
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bonds [41], and internal electric strain [42], as well as surface energies
[43]. Particularly, the activity of nanocrystals used as catalysts depends
strongly on the surface structure of facets enclosing these crystals
[44–49], and makes it possible to increase catalytic activity and selec-
tivity by optimization of the structure of the catalytically active site. In
addition, according to Ruditskiy et al. [50], the shape control of nano-
catalysts helps to optimize the catalytic applicability and reduces the
costs of the material. Therefore, changing the morphology of the
as-synthesized (nano)crystals and further controlling their properties are
great challenges for their application. However, the control of the ﬁnal
morphology and surface structure, which is a complex and difﬁcult task,
is highly dependent on the crystal internal structures, synthesis method,
and external growth conditions, such as the concentration of the con-
stituents, surfactants, additives, solvents, etc. In this study, surface en-
ergies of six different surfaces, (001), (112), (110), (101), (100), and
(111), of the CaMoO4 crystal were calculated with use of DFT. The pre-
dominant cleavage surfaces, the preferentially expressed crystal surfaces,
and the corresponding morphologies were predicted theoretically, and
these were then compared with the observations based on ﬁeld emission
scanning electron microscopy (FE-SEM) images.
In this work, we seek to fulﬁll a twofold objective. Firstly, the syn-
thesis and characterization of CaMoO4 crystals was done with and
without different surfactants (ethyl 4-dimethylaminobenzoate [EDA]
and 1,2,4,5-benzenetetracarboxylic dianhydride [BTD]) by a co-
precipitation method and with processing in a domestic microwave-
assisted hydrothermal system at 140 "C for 1, 2, 4, and 8 min. These
samples were structurally characterized by X-ray diffraction (XRD),
Fourier transform infrared (FT-IR) spectroscopy, FE-SEM, ultra-
violet–visible (UV–vis) absorption spectroscopy, and photoluminescence
(PL) measurements. Secondly, we intend to provide detailed
microscopic information on the evolution of the ﬁnal morphology with
the surfactant used throughout the synthesis. Shape control was ach-
ieved by precise tuning of the experimental parameters, such as the
presence of surfactants and time.
We believe that these results can arouse enough interest since they
will contribute to broadening of the fundamental knowledge of the
morphology of compounds based on CaMoO4. To do so, a recent exper-
imental and theoretical strategy was applied, based on the joint use of
experimental ﬁndings and ﬁrst-principles calculations at the DFT level.
The Wulff construction is used to obtain the electronic, structural, and
energetic properties that control the morphology and the transformation
mechanism of metals, binary oxides, and complex crystals [51–54]. This
strategy was recently used in BaWO4 [55], BaMoO4 [56], and α-AgVO3
[57] crystals. In this context, Ng and Fan [58] reported a simple method
to prepare uniform β-Ag2MoO4 crystals with well-deﬁned shapes, which
is expected to catalyze more extensive studies on the photocatalytic
properties of the material.
This work follows this procedure to obtain a complete map of avail-
able morphologies for CaMoO4 crystals. In addition, on the basis of these
results, we are able to rationalize how the different surfaces change their
energies throughout the synthesis process, and we are able to propose a
path by which the experimental and theoretical morphologies of CaMoO4
can match. With corrected surface energies, a straightforward under-
standing was provided by Wulff construction.
The rest of the article is divided into three sections. In the next sec-
tion, we describe, in detail, the materials and methods for synthesizing
and processing CaMoO4 powders, as well as the computational method
and model systems used to perform the ﬁrst-principles calculations.
Section 3 contains the results and discussion. The article ends with the
main conclusions of our work.
Fig. 1. The synthesis process for CaMoO4 crystals. BTD, 1,2,4,5-benzenetetracarboxylic dianhydride; EDA, ethyl 4-dimethylaminobenzoate.
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2. Materials and methods
2.1. Synthesis and processing of CaMoO4 powders
CaMoO4 powders were synthesized by a co-precipitation method in
distilled water and processed in a microwave-assisted hydrothermal
system for different times (1, 2, 4, and 8 min). Two different surfactants
were used during the synthesis: Ethyl 4-dimethylaminobenzoate (EDA)
and 1,2,4,5-benzenetetracarboxylic dianhydride (BTD). In addition, the
samples were also synthesized without the surfactant, as a reference. A
schematic representation of the synthesis of CaMoO4 crystals is illus-
trated in Fig. 1.
A typical experimental procedure was as follows: 5 # 10$ 3 mol of
molybdic acid, H2MoO4 (85%purity, Synth), and 5 # 10$ 3 mol of calcium
nitrate, Ca(NO3)2 (99.5% purity, Sigma-Aldrich), were dissolved in
90 mL of water, and the mixture was stirred for 15 min. Then 5 mL of
ammonium hydroxide, NH4OH, was added to this solution until the pH
reached 14 to intensify the rate of hydrolysis between Mo and Ca ions, as
shown in Eqs. (1) and (2):
H2MoO4 ðsÞ þ CaðNO3Þ2 ðsÞ!!!H2O 2HþðaqÞ þ 2NO$3 ðaqÞ þ Ca2þðaqÞ þ MoO2$4 ðaqÞ
(1)
Ca2þðaqÞ þ MoO2$4 ðaqÞ →CaMoO4 ðsÞ (2)
Subsequently, processing was done with a microwave-assisted hy-
drothermal system (2.45 GHz, maximum power of 800 W). The solution
was transferred into a Teﬂon autoclave and processed at 140 "C for 1, 2,
4, and 8 min. The pressure into the autoclave was stabilized at 3.4 bar.
The solution obtained was washed with distilled water ten times to
neutralize the solution (pH ( 7). Finally, the precipitates were dried at
100 "C for 24 h.
2.2. Characterizations of CaMoO4 powders
CaMoO4 powders were structurally characterized by XRD patterns,
which were obtained with a Bruker/D2 PHASER with Cu-Kα radiation in
the 2θ range from 10" to 75" at a rate of 0.02"/min. The lattice param-
eters a and c were calculated by adjustment of the experimental dif-
fractogram with use of the program MAUD [56]. The average crystallite
sizes and microstrain were calculated by the Williamson-Hall
method [59–61].
FT-IR spectra were recorded at room temperature with a Shimadzu
IRTracer-100 instrument. The morphology of the powders was observed
by FE-SEM (Zeiss Auriga). UV–vis spectra were recorded with a Shi-
madzu UV-2600 spectrophotometer in reﬂectance mode. PL spectra were
measured with a Thermo Jarrell Ash Monospec 27 monochromator and a
Hamamatsu R446 photomultiplier. The 350.7 nm line of a krypton ion
laser (Coherent Innova 90 K) was used as the excitation source, with the
output power of the laser kept at 200 mW. All measurements were taken
Fig. 2. X-ray diffraction patterns of CaMoO4 crystals at 1, 2, 4, and 8 min: (a) CaMoO4, (b) CaMoO4 prepared with ethyl 4-dimethylaminobenzoate, and (c) CaMoO4 prepared with 1,2,4,5-
benzenetetracarboxylic dianhydride.
F.K.F. Oliveira et al. Journal of Physics and Chemistry of Solids 114 (2018) 141–152
143
179
at room temperature.
2.3. Computational method
Theoretical procedures and computational methods involving ﬁrst-
principles calculations related to the CaMoO4 structure were performed
with the hybrid functional B3LYP and the periodic DFT framework
[62,63] with use of the CRYSTAL14 software package [64].
Mo cations [65] were described by a pseudopotential basis set, while
O anions [66] and Ca cations [67] were described by standard (6-31d1G)
basis sets.
For bulk and surface calculations, the diagonalization of the Fock
matrix was performed at adequate k-point grids in the reciprocal space.
The thresholds controlling the accuracy of the calculation of the Coulomb
and exchange integrals were set to 10$ 8 (ITOL1 to ITOL4) and 10$ 14
(ITOL5), and the percentage of mixing Fock/Kohn-Shammatrices was set
to 40 (IPMIX keyword) [68].
Surface energies were determined from the equilibrium shape by a
classic Wulff construction [69] that minimizes the total surface free en-
ergy at a ﬁxed volume, providing a simple correlation between the sur-
face energy (Esurf) of the (hkl) plane and the distance (rhkl) in the normal
direction from the center of the crystallite. The Wulff construction has
been successfully used in materials science to obtain the morphology of
materials, including PbMoO4, CaWO4, Ag3PO4, α-Ag2MoO4, BaMoO4,
BaWO4, Ag2CrO4, and LaVO4 [54,56,70–75]. The surface energy (Esurf) is
deﬁned as the total energy per repeating slab cell (Eslab) minus the total
energy of the perfect crystal per molecular unit (Ebulk/atom) multiplied by
the number of molecular units of the surface (Ns) and divided by the
surface area per repeating cell of the two sides of the slab.
3. Results and discussion
3.1. XRD analyses
Fig. 2 show the XRD patterns obtained at different times (1, 2, 4, and
8 min) for CaMoO4 powders processed in a microwave-assisted hydro-
thermal system at 140 "C. The XRD patterns revealed that all diffraction
peaks of CaMoO4 powders can be indexed to the scheelite-type tetragonal
structure without the presence of secondary phases, in agreement with
Joint Committee on Powder Diffraction Standards (JCPDS) card no. 29-
351 [76]. Moreover, the relative intensities and sharp diffraction of all
peaks indicated that the materials are well crystallized, suggesting an
ordered structure at long range.
3.2. Rietveld reﬁnement analysis
The Rietveld method is based on the construction of diffraction
patterns calculated according to the structural model [77]. The Rietveld
reﬁnement was performed with MAUD [78], and the reﬁned parameters
were the lattice parameters, background, proﬁle, half-width parameters
(u, v, w), and crystallite size [79]. The results for all the powders were
obtained by the Rietveld method with use of Crystallography Open
Database entry 9009632 [80]. Table 1 shows the lattice parameters, cell
volume, and positions of the atoms. An analysis of the results reveals
small differences with the reported data [80]. Nevertheless, it is impor-
tant to note the variations in the position of the oxygen anions (Table 2).
These variations are associated with distortions of the Ca–O and/or
Mo–O bond lengths, and consequently with different levels of distortion
of the [CaO8] and/or [MoO4] clusters in the lattice.
The CaMoO4 microstrain (εhkl) and crystallite sizes (Dhkl) were
analyzed by the Williamson-Hall method. It is represented by Eq. (3):
βhkl cosθ
λ
¼ 1
Dhkl
þ ðεhkl Þεsinθ
λ
(3)
where βhkl is the full width at half maxima (FWHM) of XRD patterns, θ is
the diffraction angle, λ is the wavelength of the X-Rays, Dhkl is the average
crystallite size, and εhkl is the micro-strain.
Table 1 and Fig. S1, Fig.S2, and Fig.S3 show the results for crystallite
size and microstrain for pure CaMoO4, CaMoO4 prepared with EDA
(CaMoO4_EDA), and CaMoO4 prepared with BTD (CaMoO4_BTD) ob-
tained at different processing times of 1, 2, 4, and 8 min in the
microwave-assisted hydrothermal system at 140 "C. For CaMoO4 sam-
ples, a large difference in crystallite size and microstrain was not
observed. For CaMoO4_EAD processed at 140 "C for 8 min, the crystallite
size andmicrostrain increase, probably due to distortion in the crystalline
lattice promoted by the surfactant EDA. For CaMoO4_BTD processed at
140 "C for 1 and 2 min, we can conclude that the surfactant BTD acts as a
Table 1
Rietveld reﬁnement and Williamson-Hall data for the as-synthesized CaMoO4 crystals.
Sample t (min) a (Å) c (Å) V (Å3) Dhkl (nm) Ɛhkl
CaMoO4 1 5.235 11.458 314.05 46 0.003
2 5.220 11.428 311.42 41 0.003
4 5.233 11.451 313.56 30 0.002
8 5.225 11.437 312.25 34 0.003
CaMoO4 (EDA) 1 5.234 11.454 313.71 40 0.003
2 5.235 11.456 313.94 43 0.002
4 5.235 11.457 313.98 36 0.003
8 5.234 11.453 313.75 66 0.004
CaMoO4 (BTD) 1 5.225 11.432 312.11 27 0.003
2 5.237 11.459 314.22 34 0.002
4 5.227 11.433 312.52 30 0.004
8 5.236 11.458 314.16 43 0.006
COD entry 9009632 5.222 11.425 314.16 – –
t is the synthesis time, a and c are lattice parameters, V is the unit cell volume, Dhkl is the
average crystallite size, and Ɛhkl is the microstrain.
BTD, 1,2,4,5-benzenetetracarboxylic dianhydride; COD, Crystallography Open Database;
EDA, ethyl 4-dimethylaminobenzoate.
Table 2
Atomic coordinates for CaMoO4 crystalline structures.
Sample t (min) Atom x y z
CaMoO4 1 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.1553 $ 0.00767 0.208195
2 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.149 0.0069 0.2089
4 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.1569 $ 0.03105 0.206959
8 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15834 $ 0.04248 0.21528
CaMoO4 (EDA) 1 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15561 $ 0.01478 0.20835
2 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15246 $ 0.00021 0.20929
4 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15403 $ 0.0172 0.20952
8 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15309 $ 0.00562 0.20944
CaMoO4 (BTD) 1 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.14878 $ 0.05927 0.206735
2 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15667 $ 0.00845 0.20904
4 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.17313 $ 0.04003 0.214182
8 Ca 0 0.25 0.625
Mo 0 0.25 0.125
O 0.15335 $ 0.02341 0.204194
BTD, 1,2,4,5-benzenetetracarboxylic dianhydride; EDA, ethyl 4-dimethylaminobenzoate.
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Fig. 3. Fourier transform infrared patterns of CaMoO4 crystals at 1, 2, 4, and 8 min: (a) CaMoO4, (b) CaMoO4 prepared with ethyl 4-dimethylaminobenzoate (CaMoO4_EDA), and (c)
CaMoO4 prepared with 1,2,4,5-benzenetetracarboxylic dianhydride (CaMoO4_BTD).
Table 3
Experimental and theoretical results for Raman-active and infrared-active modes (cm$ 1) of CaMoO4.
Raman Experimental
Bg Eg Eg Ag Bg Eg Ag Bg Bg Eg Eg Bg Ag
– – – 205 – 263 333 339 393 401 797 844 878 [78]
110 145 189 205 219 263 333 339 393 401 797 844 878 [80]
112 143 190 205 214 267 322 328 391 402 792 845 877 [81]
111.5 143 189.5 204.5 214 267 321.5 327.5 391 402.5 792 845.5 877 [83]
111 145 189 205 – 267 323 – 391 402 793 847 878 [82]
Theoretical
116.8 159.8 196.6 226.5 231.7 303.6 337.3 346.3 432.5 441 819.5 864.5 896a
Infrared
Experimental
Eu Au Eu Au Eu Au Au Eu
– – – – – 430 – 820 [79]
– – – – 405 430 – 827 [7]
– – 240 280 330 428 790 878 [1]
– – – – – 411–423 720–970 [26]
– – – – – 423 743–895 [32]
– – – – – 430 790–900a
Theoretical
158.8 195.3 209.1 250.7 327.5 470.7 785.3 808.7a
a Present work.
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growth control agent because of the smaller crystallites than for pure
CaMoO4. On the other hand, for CaMoO4_BTD processed at 140 "C for 4
and 8 min, BTD enhances the lattice distortion parameter c.
3.3. FT-IR analysis
The scheelite-type tetragonal structure exhibits 26 different vibration
modes: (Γ¼ 3Ag þ 5Au þ 5Bg þ 3Bu þ 5Eg þ 5Eu), but eight of them (4Au
and 4Eu) are active in the infrared, while the other 13 modes (Ag, Bg, and
Eg) are Raman active [81].
Fig. 3 shows the FT-IR spectra of the CaMoO4 crystals in the range
from 1800 to 400 cm$ 1. Three types of vibrationmodes are seen (1Eu and
2Au), while the other vibration modes are not identiﬁed because they are
located in the lower region (400–100 cm$ 1). An analysis of the results
reveals the presence of an intense absorption band, around
660–910 cm$ 1, corresponding to Eu and Au modes that are associated
with the antisymmetric stretch of the tetrahedral [MoO4] clusters. At
432 cm$ 1, a less intense Au mode, corresponding to antisymmetric vi-
brations of the O–Mo–O angles, is observed. However, in FT-IR analysis
it is possible to perceive some differences in the simple CaMoO4. In
Fig. 3(a), the peaks between 1630 and 1450 cm$ 1 are attributed to the
presence of CO2 in the atmosphere [1], while in Fig. 3(b), the peak
around 1357 cm$ 1 is assigned to the presence of a tertiary amine organic
group resulting from EDA. In Fig. 3(c), in the region from 1380 to
560 cm$ 1, the vibration corresponding to the out-of-plane bending of
CH2 is observed, while the wide band between 1134 and 1070 cm$ 1 is
associated with the presence of anhydride [C–C(¼O)–O–C(¼O)–C]
groups from BTD. At 1650 cm$ 1, a band associated with the O–H bond
of the water molecule was identiﬁed [82], while at 1450 cm$ 1, a band
corresponding to C–O bonds was identiﬁed [1,2].
The theoretical and experimental frequencies for the infrared and
Raman spectra are shown in Table 3, and the comparison and analysis of
the results shows they are agreement with the results previously reported
in the literature [1,2,26,32,81–86].
Theoretical analysis predicts that seven of these modes
(2Ag þ 3Bg þ 2Eg) are internal motions of tetrahedral [MoO4] clusters
and octahedral [CaO8] clusters, while the other six (1Ag þ 2Bg þ 3Eg) are
external pure lattice modes of the [MoO4] tetrahedra (translational and
rotational motions between ions in the lattice) [87]. In principle, there is
a strong interaction between the O–Ca–O and O–Mo–O moieties of
adjacent clusters, which are structurally ordered at short range; and
intense and sharp bands are exhibited at low intensities as observed at
116.8 cm$ 1 (Bg) and 159.8 and 196.6 cm$ 1 (Eg). Internal motions of
MoO4 tetrahedra such as symmetric bending at 441.0 cm$ 1 (Eg) and
432.5 cm$ 1 (Bg) or antisymmetric bending at 346.3 cm$ 1 (Bg),
337.3 cm$ 1 (Ag), 303.6 cm$ 1 (Eg), and 231.7 cm$ 1 (Bg) can be observed.
However, strong intense bands at 896.0, 864.5, and 819.5 cm$ 1 are
attributed to internal/optical modes Ag, Bg, and Eg, respectively. The Ag
mode was observed at 896.0 cm$ 1 and was assigned to symmetric
stretching vibrations of [MoO4] clusters, and the Bg and Eg modes at
864.5 and 819.5 cm$ 1 were assigned to antisymmetric stretching vi-
brations of the O–Mo–O moieties (Fig. 4).
3.4. UV–vis analysis
The optical band gap energy (Egap) was calculated by the method
proposed by Wood and Tauc [88]. The band gap energy for all CaMoO4
particles synthesized at 140 "C for different times, with and without
surfactants, was calculated, and the values are listed in Table 4 and
Fig. S4, Fig.S5, and Fig.S6.
Roca et al. [89]. describe that the exponential optical absorption
proﬁle and Egap are controlled by the degree of structural order-disorder
in the lattice. In our study, the UV–vis spectra evidenced changes of band
gap energies with the increase of the heating time. The results agree with
those reported in the literature [1,2] regarding the presence of inter-
mediary energy levels between the valence band and the conduction
band [72,85,90]. The formation of this intermediate energy level inside
the band gap can be described by the degree of order and disorder of the
crystalline structure [90]. Therefore, as can be seen in Tables 1 and 4, the
increase in structural disorder and the volume of CaMoO4 synthesized in
presence of EDA promotes a wide intermediate level compared with the
pure CaMoO4 and CaMoO4_BTD, having as a consequence a reduction in
the band gap energy.
3.5. Representations of the unit cell, surfaces, and cluster coordination
Fig. 5 shows a schematic representation of the tetragonal structure
(space group I41/a) of the CaMoO4 unit cell with atomic positions and
lattice parameters obtained from the Rietveld reﬁnement data (Tables 1
and 2) in which different clusters are depicted; that is, the local coordi-
nation of Ca and Mo atoms for the bulk (Fig. 5) and surfaces (Fig. 6).
In the bulk, Mo cations are coordinated by four oxygens, yielding
[MoO4] clusters with a tetrahedral conﬁguration. These clusters are
distorted because of the displaced positions of the O ions, yielding a
variation in the O–Mo–O angles of the ideal tetrahedral conﬁguration.
The (001), (112), (100), (110), (101), and (111) surfaces of CaMoO4
were modeled by an unreconstructed slab model using an optimized
equilibrium geometry. All surfaces are exposed to a vacuum by the Mo
and O ions, while the Ca and O ions are the exposed centers on the (111)
surface. In addition to the atomic conﬁguration of the exposed facets, the
coordination environment has a large effect on the stabilization of the
surfaces. Since the bonding interaction of a Mo–O bond is stronger than
that of a Ca–O bond, the stability of the (111) surface is reduced
Fig. 4. Theoretical Raman-active modes of CaMoO4.
Table 4
Optical band gap energy for CaMoO4 without and with the surfactants ethyl 4-dimethy-
laminobenzoate (EDA) and 1,2,4,5-benzenetetracarboxylic dianhydride (BTD).
Samples t (min) Egap (eV)
CaMoO4 1 3.71
2 3.71
4 3.74
8 3.75
CaMoO4 (EDA) 1 3.51
2 3.65
4 3.66
8 3.25
CaMoO4 (BTD) 1 3.66
2 3.71
4 3.66
8 3.68
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compared with that of the rest of the surfaces because of the presence of
two oxygen vacancies; that is, under coordination at the [MoO2] cluster.
Only the (112) surface presents [CaO5] clusters, implying a breaking of a
Ca–O bond compared with the bulk.
The local coordination of the superﬁcial Ca and Mo cations and the
distance to the closer O ions are shown in Fig. 6.
3.6. Morphology study
Table 5 lists the surface energies, area, and relaxation energy during
the optimization process for each surface. According to the DFT calcu-
lations, the stability of the surfaces is in the order (001)>(112)>(110)
>(101)>(100)>(111).
These results can be explained in terms of local order (at short dis-
tance), taking into account the vacancies of the O ions in the superﬁcial
Mo ([MoO4] and [MoO2]) and Ca ([CaO6] and [CaO5]) clusters. This
information was used to map the available morphologies of CaMoO4,
assuming different values for the surface energy of different facets, and
then the transformations between the different morphologies were
associated with the relative surface energy of each surface. Fig. 7 illus-
trates the good agreement between the experimental FE-SEM images and
the theoretical morphologies.
By modulating the relationship between the surface stabilities of the
different faces, we obtained Fig. 7, which can be used to obtain corre-
lations with the experimental results. This map displays the available
morphologies of CaMoO4 crystals resulting from a change in the relative
stability of the facets. We started with the ideal morphology, and when
the surface energies of the (001) and (101) surfaces increased, shape A
was obtained (bottom of Fig. 7). When the surface energy of the (101)
surface decreased, with simultaneous increase of the surface energy of
(112) surfaces, shape B was obtained (top of Fig. 7). Other possibilities
were observed when the surface energy of the (101) facet decreases and
that of the (112) surface increases (middle of Fig. 7). Experimentally,
EDA was determinant, because an interaction occurred on the structure,
allowing two types of facets to be exposed in the resulting morphology.
The experimental morphology was simulated by means of two paths: the
ﬁrst from shape A to shape A1, increasing the surface energy of the (001)
surface to 1.37 J/m2 and decreasing the corresponding value of the (100)
Fig. 6. The surfaces and Ca–O and Mo–O bond distances of the exposed atoms: (a) (001), (b) (112), (c) (100), (d) (110), (e) (101), and (f) (111).
Table 5
Esurf, area, and relaxation energy during the optimization process.
Surface Esurf (J/m2) A (Å2) Relaxation energy (%)
(001) 0.72 27.385 14
(112) 0.75 50.054 70
(110) 0.93 41.898 70
(101) 1.01 32.637 74
(100) 1.15 59.253 43
(111) 4.56 88.157 1
Fig. 5. The bulk structure of CaMoO4, showing [CaO8] and [MoO4] clusters as building
blocks of the material.
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surface to 0.63 J/m2. The second path was obtained from shape B to
shape B1, increasing the surface energy of the (001) surface to 1.87 J/m2
and decreasing the corresponding value of the (110) surface to 0.63 J/
m2. The A2 morphology generated is similar to that synthesized by
Ghaed-Amini et al. [91] and Marques et al. [2].
Therefore, the theoretical morphologies can be controlled by the
different surface energies, and it is well known that morphologies can
undergo changes because of differences in the environment in which they
are synthesized. These differences may include the presence of surfac-
tants and impurities, and differences in solvents, temperature, and syn-
thetic routes.
3.7. Band structure and density of states
The computed band structure and total density of states (DOS) pro-
jected onto the atoms and orbitals of the CaMoO4 structures, surfaces,
and bulk are shown in Fig. 8.
An analysis of the DOS indicates that the upper part of the valence
band consists mainly of O orbitals(2px, 2py and 2pz) and lesser contri-
butions of Ca and Mo orbitals. The lower part of the conduction band is
derived mostly from Mo 4 d orbitals (4dz2, 4dx2$ y2 , 4dxy, 4dxz, 4dyz). The
direct band gap energy of 4.92 eV (from Γ to Γ) is obtained for the bulk.
An analysis of the projected DOS reveals that the top of the valance band
is produced by a major contribution of the O 2pz and 2pz states, and the
top of the conduction is due to Mo 4dz2 states and minor contribution of
4dx2$ y2 states (see Fig. 8(h)).
Calculations yielded a direct band gap energy for the (001), (112),
(110), (101), and (100) surfaces very similar to that in the bulk crystal,
with variations of 0.1–0.3 eV depending on the speciﬁc surface. How-
ever, the (111) surface has a conducting character, indicating a certain
instability, possibly due to the breaking of coordination in [MoO4]
clusters with two vacancies.
3.8. PL analysis
The PL spectra of the CaMoO4 as-synthesized powders with and
without surfactants, (EDA and BTD) are shown in Fig. 9.
Broad emission bands associated with a multilevel process (i.e.,
involving the participation of numerous states within the band gap of the
material [28]) can be observed.
Through the deconvolution of the PL spectra of pure CaMoO4,
CaMoO4_EDA, and CaMoO4_BTD (Fig. 9), it was possible to discovery
three curves centered at 459 nm (blue), 529 nm (green), and 610 nm
(orange), which covered all the visible electromagnetic spectrum. These
results show the same behavior of PL for pure CaMoO4 and CaMoO4_EDA
samples. On the other hand, CaMoO4_BTD samples reveal an elevated
percentage of the blue area, indicating a higher concentration of shallow
defects than in pure CaMoO4 and CaMoO4_EDA samples, which favors
equally the blue and green areas.
The blueshift in the PL is related to the changes in the morphology of
the CaMoO4 particles, from peanut-like for pure CaMoO4 to spheres for
CaMoO4_EDA and dumbbell-like and ﬂower-like for CaMoO4_BTD
(Fig. S7) and theoretical models (Fig. 7). However, other factors may also
be involved in the PL, such as particle aggregation and differences in the
size. On the other hand, we believe that the blueshift in CaMoO4_BTD
samples may be related to a preferential growth of the A1 structure
described on the map of morphologies (Fig. 7), consequently promoting a
higher concentration of shallow defects. Hence, the morphology and the
PL in this study varied signiﬁcantly with the heat treatment time,
morphology, and surfactant used during the synthesis.
4. Conclusions
In summary, we have developed amorphology-controlled synthesis of
CaMoO4 crystals by means of a simple co-precipitation method and with
Fig. 7. Map of morphologies of CaMoO4 with crystal planes (001), (112), (110), (101), (100), and (111).
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processing in a domestic microwave-assisted hydrothermal system with
and without use of different surfactants (EDA and BTD). The as-
synthesized samples were characterized by XRD and Rietveld reﬁne-
ment techniques, FT-IR spectroscopy, UV–vis absorption spectroscopy,
and PL measurements, while FE-SEM was used to investigate the
morphology of the crystals. The effects of reaction conditions, including
the presence of surfactant and reaction time, on the properties and
morphology of CaMoO4 were investigated systematically.
The available morphologies of CaMoO4 comprise a complete array of
polyhedral geometries that are achieved by modulation of the surface
energies by use of aWulff construction, and they can be ﬁne-tuned to ﬁnd
the path to link the experimental morphologies (obtained by FE-SEM)
Fig. 8. Theoretical band structure and projected density of states (DOS): (a) the (100) surface, (b) the (101) surface, (c) the (112) surface, (d) the (110) surface, (e) the (001) surface, (f) the
(111) surface, (g) bulk projected on atoms, and (h) bulk projected on orbitals.
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and theoretical morphologies. The surface energies for six different sur-
faces, (001), (112), (100), (110), (101), and (111), of the CaMoO4 crystal
were calculated with use of DFT. On the basis of the calculation results,
the predominantly exposed surfaces in the morphologies of CaMoO4
crystals and their morphological transformations were predicted. By
tuning the surface energies, we obtained a complete map of the mor-
phologies available for CaMoO4, which enabled us to identify where the
observed morphology from the FE-SEM images was located on this map.
The experimental and theoretical morphologies obtained coincide when
the surface energy of the (001) surface decreases and the surface energies
of the (100) and (101) surfaces simultaneously increase. The present
work is expected to catalyze more extensive studies on the different
properties of this material. In particular, with the changes of experi-
mental parameters that can be used for tuning the morphology of
CaMoO4 crystals, we anticipate that CaMoO4 crystals with other exotic
shapes will be unraveled in time. It is also likely that the concepts
identiﬁed in this work can be extrapolated to the shape-controlled
preparation of other related materials.
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a b s t r a c t
ZnMoO4 and ZnMoO4: RE3þ¼1% Tb3þ, 1% Tm3þ, x Eu3þ (x¼ 1, 1.5, 2, 2.5 and 3mol%) particles were
prepared by a sonochemical method. The inﬂuence of the dopant content on photoluminescent behavior
was investigated. The X-ray diffraction results conﬁrmed the formation of the a-ZnMoO4 phase with a
triclinic crystalline structure. The inﬂuence of the chemical compositions on photoluminescence emis-
sions has been studied and the results clearly show the speciﬁc emissions of Tb3þ and Eu3þ, simulta-
neously, with a strong contribution of the matrix. Band gap values are in the range of 3.55e4.25 eV. From
the values calculated for the CIE coordinates, it was observed that this material develops an emission
tendency in the orange-red region. It has been demonstrated for the ﬁrst time that the sample ZnMoO4:
1% Tb3þ, 1% Tm3þ, 2% molEu3þ, presented higher photoluminescence intensity. At higher concentrations
of RE3þ, the quenching effect was observed. The morphology of samples are interpreted based on a
comparative analysis of the calculated and experimental ﬁeld emission scanning electron microscopy
(FE-SEM) images. First-principle calculations at a density functional theory level were performed to
obtain the values of surface energies and relative stability of the (120), (001), (011), (201), and (100)
surfaces by employing the Wulff construction. A complete map of the available morphologies of ZnMoO4
and ZnMoO4:12.5%molEu3þ is obtained and a possible explanation for the transformation processes is
provided in which the experimental and theoretical morphologies can match. The present study offers a
fundamental knowledge that is expected to enable the fabrication of ZnMoO4-based phosphor materials
with a controllable emission peak shift and intensity.
© 2018 Elsevier B.V. All rights reserved.
1. Introduction
Over the last decades, the interest for molybdates has been
increasing due to their potential applications in the most diverse
areas, such as biology, photoluminescence, photocatalysis, and
lithium ion batteries [1e4]. Rare earth cations, RE3þ, doped mo-
lybdates present high chemical stability, which allows them to be
applied in versatile applications, such as plasma display panels,
ﬁeld emission display, lighting industries and white light emitting
diodes [5e9]. Therefore, these materials are considered a new
generation of light sources, which have been replacing ﬂuorescent
lamps efﬁciently, due to low energy consumption and fast
response.
The doping processes of RE3þ, the main members of lantha-
nide's group, at the lattice of the molybdates are responsible for the
appearance of optical properties due to 4f valence shell electrons,
while photoluminescence emissions are associated to f-f or 4f-5d
transitions [10,11], and the emission wavelength also depends on
the splitting of energy level. For example, Eu3þ cations are activated
phosphors that provoke a strong red emitter signal due to 5D0/7F2
electric dipole transition [12], while Tb3þ cations are activated* Corresponding author.
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phosphors which reads a strong green emission due to the transi-
tions of 5D3-7FJ in the blue and 5D4-7FJ in the green region (J¼ 6, 5,
4, 3, 2) and the transition intensities depend on their critical doping
concentrations [13].
On the other hand, it is well known that the co-doping process
of RE3þ is an adequate procedure to enhance intensity since in this
process the energy transfer occurs from one RE3þcation which acts
as a sensitizer to another RE3þcation acting as activator. Along this
process, the energy transfer between RE3þcations is possible due to
a plethora of effects such as resonant energy transfer, energy
transfer by non-radiative transition and quantum cutting [14].
Many combinations of sensitizer and activator of RE3þ were
developed as Er3þeYb3þ, Eu3þeGd3þ, Eu3þeSm3þ and Eu3þeTb3þ
[15e21].
For the zinc molybdate, ZnMoO4, as a representative member of
molybdate family, recent experimental and theoretical studies have
evaluated in detail their phosphorescent behavior at low temper-
atures and a crystal phosphor model was proposed to explain the
corresponding mechanism [22e24]. In addition, the inﬂuence of
the growth conditions of the ZnMoO4 crystals and the character-
istics of the decay are analyzed to ﬁnd an increase of the lumi-
nescence emissions [25]. ZnMoO4 is an inorganic semiconductor
that present two types of crystal structures: alpha (a) and beta (b)
and has been successfully synthesized by different methods,
including the sonochemistry, precipitation and hydrothermal pro-
cesses [26e29]. The type of phase obtained depends on the con-
ditions of synthesis, time, and temperature processing [30]. The
crystals a-ZnMoO4 have a triclinic structure, with space group P1
and group symmetry C1 [31], in which the Zn cations are coordi-
nated by six oxygen anions that form the distorted octahedral
[ZnO6], while Mo cations are bound to four oxygen anions in a
tetrahedral conﬁguration [MoO4] [32]. The crystals b-ZnMoO4 have
a monoclinic structure of the wolframite type, with space group P2/
cand group symmetry C42h: In the monoclinic structure, the Zn and
Mo cations are coordinated by six oxygen atoms that form the
distorted octahedral [ZnO6] and [MoO6], respectively [33].
Mikhailik et al. [34] proposed that the photoluminescent
properties of ZnMoO4 are related to self-localized excitons and to
electron transitions within the anionic molecular complex
[MoO4]2#.The emission bands can be associated to radioactive
recombination processes of the electron-hole pairs located in the
anionic molecular complex [MoO4]2#and this moiety is considered
the main constituent element, which deﬁnes the optical properties
in the visible ultraviolet energy region [35]. Cavalcante et al. [36]
attributed that the differences in photoluminescence emission in-
tensities of ZnMoO4 microcrystals are due to the presence of
changes in the particle morphology, crystal size and surface defects.
RE3þ doped ZnMoO4, ZnMoO4:RE3þ, have beenwidely investigated
for possible application in optical devices. According to Ju et al. [37],
in their work with ZnMoO4: Tb from the co-precipitation method,
concluded that the light ﬂux in green is more signiﬁcant than in red
and blue among materials co-doped due to the intense emission of
the 5D4/ 7F5 (Tb3þ) at 550 nm and that this type of material ex-
hibits excellent thermal and chemical stability [38e40]. Chengaiah
et al. [41] evaluated the effect of Dy3þ dopant concentration on the
ZnMoO4 matrix and observed a mixture of emissions in the yellow
and blue regions. Through the determination of the chromaticity
coordinates, it was possible to produce a material with emission in
white. Ran et al. [42] have already described that the energy
transfer efﬁciency between the Bi3þ sensitizer and the Eu3þ acti-
vator in the ZnMoO4 matrix is associated with the concentration of
the dopants and the distance between them, highlighting their
performance as photoluminescent material in the use of LEDs
white.
In this work, a series of the ZnMoO4 and ZnMoO4: 1% Tbþ 3, 1%
Tmþ 3, x Euþ 3 (x¼ 1,1.5, 2, 2.5 and 3mol %) particles were prepared
by the sonochemical for the preparation of the ZnMoO4 and
ZnMoO4: 1% Tbþ 3, 1% Tmþ 3, x Euþ 3 (x¼ 1, 1.5, 2, 2.5 and 3mol%).
The synthesized samples were characterized by X-ray diffraction
and Rietveld reﬁnements, ﬁeld emission scanning electron micro-
scopy (FE-SEM) and photoluminescence emissions. They present
photoluminescence (PL) emissions and a tunable band gap in the
visible light region. The geometries, electronic structures and
properties of both ZnMoO4 and ZnMoO4: 12.5% Eu3þsystems have
been characterized and discussed in relation to their crystal
structural characteristics by using the density functional theory
(DFT)-based calculations. Next, a joint experimental and theoretical
strategy, developed by us, was employed to obtain a complete map
of the morphologies available for both systems. Based on these
results, and by changing the values of the energy surfaces of (120),
(011), (001), (201), (220), (100), (111) and (112) surfaces, we are able
to rationalize the different path followed for these system bywhich
the experimental FE-SEM images and theoretical morphologies can
match.
The remainder of this paper is organized as follows: Section 2
describes the experimental procedure and computational details,
Section 3 exhibits the computational details; Sections 4 and 5
present the results and conclusions, respectively.
2. Experimental procedure and computational details
2.1. Materials
Acid Molybdic (H2MoO4), (Alfa Aesar), zinc nitrate
(Zn(NO3)2$6H2O) (Synth), europium oxide (Eu2O3) (Alfa Aesar),
terbium oxide (Tb4O7) (Aldrich), thulium oxide (Tm2O3), nitric acid
(Synth), ammonium hydroxide (NH4OH) (Synth) and distilled wa-
ter were used as received to prepare the ZnMoO4 and ZnMoO4:
RE3þ particles.
2.2. Preparation
Initially, the oxides (Eu2O3, Tb4O7 and Tm2O3) were dissolved
separately in 10ml of nitric acid to obtain their respective nitrates.
Since in the form of oxides, these elements are insoluble in the
reaction medium. For the synthesis of the ZnMoO4 and ZnMoO4:
RE3þ particles, two precursor solutions were prepared: one of
molybdenum (solution A) and the other of zinc (solution B). For the
two solutions, the starting reagent was dissolved in 40ml of
distilled water. Solution Awas exposed to high intensity ultrasound
irradiation at 65% amplitude in continuous mode. Then solution B
was added to solution A during the ultrasound by dripping in the
time interval of every 10min. After the complete dissolution, the
dopants (RE3þ:Tb3þ, Tm3þ and Eu3þ) in nitrate formwere added to
the system. Finally, NH4OH was added to the solution to stabilize
the pH at 8. The solution was centrifuged three times in distilled
water and then kept in the oven at a temperature of 80 $C for 24 h
for drying. The particles were calcined at 650 $C for 4 h at a heating
rate of 10 $C/min.
2.3. Characterization
The ZnMoO4 and ZnMoO4:RE3þ particles were structurally
characterized by XRD using a Shimadzu XRD 7000 instrument with
Cu-Ka radiation (l¼ 1.5406Å) in the 2q range from 10 to 50$ at a
scanning rate of 0.02$ s#1. The morphologies were investigated
using ﬁeld-emission gun scanning electron microscopy (FEG-SEM;
Carl Zeiss, Supra 35- VP Model, Germany) operated at 6 kV. The
chemical analyzes were performed on the equipment of Energy
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Dispersive X-ray Fluorescence Spectrometer EDX-720- Shimadzu.
The UVevis diffuse reﬂectance spectrum was measured at room
temperature using a UVevis spectrometer. The photoluminescence
(PL) spectra were acquired with an Ash Monospec 27 mono-
chromator (Thermal Jarrel, U.S.A.) and a R4446 photomultiplier
(Hamamatsu Photonics, U.S.A.). The 350 nm beam of a krypton ion
laser (Coherent Innova 90 K) was used as the excitation source
while its maximum output power was kept at 200mW. All mea-
surements were performed at room temperature. The time decay
measurements were performed on the equipment Fluorolog3
Horiba Jobin Yvon spectroﬂuorometer equipped with Hamamatsu
R928P photomultiplier, SPEX 1934 D phosphorimeter, and a pulsed
150W XeeHg lamp.
2.4. Computational details
Bulk and surfaces of ZnMoO4 and ZnMoO4:12.5% mol Eu3þ were
calculated by means of the hybrid functional B3LYP within the
periodic density functional theory (DFT) framework [43,44], using
the CRYSTAL14 software package [45]. Eu center was represented
by a small-core effective-core pseudopotential (ECP) [46], while Mo
center was described by a HayeWadt type (basis [HAYWSC]-31G)
[47]. Oxygen [48] and zinc [49] centers were both represented by
standards at 6-31G* basis sets.
In the bulk and surface calculations, the exchangeecorrelation
contribution is the result of a numerical integration of the elec-
tron density and its gradient, performed over a grid of points.
Default values of the tolerances that control the Coulomband ex-
change series were adopted (ITOL1¼ ITOL2¼ ITOL3¼ ITOL4¼ 8,
ITOL5¼14). The Hamiltonian matrix was diagonalized [50], using
36 reciprocal lattice points (k-points), corresponding to a shrinking
factor of IS¼ 4 method for bulk, while 10 k-points grids were used
for surfaces. In this work, a triclinic supercell of 144 and 143 atoms
which corresponds to 1 % 2 % 2 conventional cell, was used to
simulate the ZnMoO4 and ZnMoO4:12.5% Eu3þ, respectively. It is
important to note that for the calculation of the doped materials,
ZnMoO4:RE3þ, we have a technical problem, i.e. because the % of
doping is very small, in the range of 1e3mol%, it is necessary to use
very large unit cells. This fact makes calculations computationally
very costly, and it was possible to reach a minimum of doping of
12.5% Eu3þ.
Slab models for (120), (011), (001), (201), (220), (100), (111) and
(112)surfaces were considered to obtain the surface energy, Esurf,
values and the morphologies of the ZnMoO4 and ZnMoO4: 12.5%
Eu3þ systems. Surface calculations were determined from the
equilibrium shape by a classic Wulff construction [51] that mini-
mizes the total surface free energy at a ﬁxed volume, providing a
simple correlation between the Esurf of the (hkl) plane and the
distance, r (hkl),in the normal direction from the center of the
crystallite. The Wulff construction has been successfully used in
materials science to obtain the morphology of materials, including
PbMoO4, a-Ag2MoO4 as well as BaMoO4 materials [52e54].
Esurf is deﬁned as the total energy per repeating slab cell (Eslab)
minus the total energy of the perfect crystal per molecular unit
(Ebulk/atom) multiplied by the number of molecular units of the
surface (Ns) and divided by the surface area (A) per repeating cell of
the two sides of the slab, as shown in equation (1).
Esuf ¼
1
2A
!
Eslab # Ns$Ebulk=atom
"
(1)
Fig. 1. X-ray diffraction of the ZnMoO4 materials synthesized by the sonochemical
method: (a) ZnMoO4, and ZnMoO4: 1% Tb3þ, 1% Tm3þ, x Eu3þ % mol: (b) x¼ 1%, (c)
x¼ 1.5%, (d) x¼ 2%, (e) x¼ 2.5% and (f) x¼ 3% mol.
Table 1
Crystallographic data of ZnMoO4 and ZnMoO4:RE3þ samples.
Samples ZnMoO4 ZnMoO4
(Theoretical)
ZnMoO4: 1% Tb 1% Tm
1% mol Eu3þ
ZnMoO4: 1% Tb 1% Tm 1.5%
mol Eu3þ þ
ZnMoO4: 1% Tb 1% Tm
2% mol Eu3þ
ZnMoO4: 1% Tb 1% Tm
2.5% mol Eu3þ
ZnMoO4: 1% Tb 1% Tm
3% mol Eu3þ
a (Å) 9.6822 9.7476 9.6835 9.69991 9.69056 9.70418 9.70166
b (Å) 6. 9487 6.9847 6.9518 6.95539 6.96208 6.96021 6.96096
c (Å) 8.3687 8.3984 8.3551 8.3668 8.37362 8.37270 8.37684
V (Å)3 563.0352 526.5936 562.127 564.4800 564.9384 565.5183 565.7120
a 101.7090 101.3339 101.720 101.6817 101.7214 101.7112 101.6878
b 96.7422 96.8497 96.847 96.8367 96.7110 96.82299 96.81503
q 106.86 106.9862 106.851 106.8180 106.8245 106.8004 106.8083
D (nm) 95.448 e 93.570 93.570 68.839 68.736 67.342
Ɛ (10#3) 1.06 e 1.09 1.16 1.32 2.24 2.9
Rwp 6.80 e 8.05 6.93 10.03 8.37 8.54
Rb 3.80 e 11.27 12.21 7.49 13.17 6.83
c2 0.56 e 1.40 1.28 0.72 1.50 0.80
Fig. 2. Relationship between crystallite size and microdeformation according to RE3þ
concentration.
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3. Results
The XRD pattern presented in Fig. 1 show the diffraction peak
characteristics of ZnMoO4. They can be indexed in a triclinic
structure of the a type with space group P1in C1 symmetry (JCPDS-
35e0765). The XRD patterns of the samples showed that the
ZnMoO4:RE are structurally related to the triclinic crystalline phase.
There was no secondary phase formation, indicating that doping
occurred successfully.
A decrease in the intensity of the peak (120) at 24.30$ is
observed in Fig. 1 accompanied by an increase of the amount of
dopants in the ZnMoO4 matrix. The structural and electronic
distortion in the [ZnO6] clusters caused by the substitution of RE3þ
/ Zn2þin the structure of ZnMoO4 is evidenced by the
Fig. 3. Structural reﬁnement of the samples (a) ZnMoO4, and ZnMoO4: 1% Tb3þ, 1% Tm3þ, x Eu3þ % mol: (b) 1%, (c) 1.5%, (d) 2%, (e) 2.5% and (f) 3% mol.
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displacement of the peaks to a region of smaller angle according to
Fig. 1. This fact can be associated to the difference in the size be-
tween the RE3þand Zn2þcations. Ju et al. [37] noted that the peaks
of the XRD patterns become weak and slightly broad due to the
increase of the concentration of Tb3þin ZnMoO4.
The values of the mean crystallite size and the micro strain of
ZnMoO4 and ZnMoO4:REþ3are shown in Table 1. The mean crys-
tallite size was estimated by the Scherrer equation (2) [55].
Dhkl ¼0:9l=bCosq
(2)
Where Dhkl is the mean crystallite size, l is the wavelength, q is half
the Bragg angle and b is the half height of the selected reﬂection
(FWHM). The reduction in the crystallite size is veriﬁed when the
dopant concentration is increased as shown in Fig. 2. This behavior
is ﬁrst of all due to the distortion caused in the ZnMoO4 lattice by
the dopants, which can slow down the growth of the crystals [56].
According to Vidya et al. [57], the dopant provides a lagging force in
the grain boundaries. If this generated retarding force is greater
than the grain growth force by the formed ion of the lattice (Zn),
then the diffusibility is reduced. The micro strain is associated to
the synthesis conditions that the materials were formed. For
example, the fast precipitation of the ZnMoO4 particles due to the
strong attraction force between Zn2þor RE3þ and (MoO4)2þ ions
due to the addition of NH4OH. The bonds that form later can
generate defects and deformation in the crystals.
The Rietveld reﬁnement method was used to explain possible
differences in the structural arrangements induced by the pro-
cessing of ZnMoO4 and ZnMoO4:RE3þ particles. This reﬁnement
was performed by using the general structure analysis Maud pro-
gram version 2.0. The results of the Rietveld reﬁnements are shown
in Fig. 3. The measured diffraction patterns are well matched to
ICSD 1528282. The diffractogram corresponding to the experi-
mental and theoretically calculated data are practically identical, as
shown in the Calc-Obs line. The results of the reﬁnement are
summarized in Table 1. The high quality of the reﬁnement is
revealed by the reliability parameters (X2, RwpandRp). The Rietveld
method uses the proﬁles of the intensities obtained by the slow
scan measurements of the material from the X-ray diffraction
technique.
The cell and atomic position parameters used in the calculations
are taken from the results of the Rietveld reﬁnements for both
structures (Table 1). An optimization of the cell parameters was
performed and the unit cell representation was modeled using a
single conventional 1 % 2 % 2 cell for ZnMoO4 and ZnMoO4:Eu3þ
materials. The X-Window Crystalline Structures and Densities
(XCrySDen) program [58] were used to design the periodic model,
as showed in Fig. 4(a and b).
The determination of the value of the gap energy (Egap) for the
ZnMoO4:RE3þ particles was performed from the UVeVisible spec-
troscopy by the diffuse reﬂectance mode. The obtained reﬂectance
data were converted to absorbance [F(R)¼ a], generating an
absorbance versus energy (eV) plot as indicated in Fig. 5. The values
of Egap were obtained from the linear extrapolation following the
Tauc and Wood method [50].
The electronic transitions in the materials happen through the
energy bands and are followed by the emission or absorption of
photons in the crystal. For a crystal to have direct electronic tran-
sitions, it is necessary to observe the conservation of energy and
momentum in the crystal. This condition is favored when the
maximum of the valence band (VB) and the minimum of the con-
duction band (CB) are in the same region of symmetry of the solid.
According to different authors [35,59,60], the ZnMoO4crystals
exhibit an optical absorption spectrum governed by direct elec-
tronic transitions. We calculated and plotted the band structure of
ZnMoO4 and ZnMoO4: 12.5% molEu3þ along various high-
symmetry directions in the ﬁrst Brillouin zone as shown in
Fig. 6(a and b). An analysis of the results displayed in this
Figure points out that the doping of Euþ3 provokes a decrease of the
values for the energy levels belonging to CB with respect to pure
ZnMoO4; the energy range is 5.5e6.0 eV and 2-7-3.6 eV for ZnMoO4
and ZnMoO4: 12.5% mol Eu3þ, respectively; while the distribution
of energy levels within both CB and VB are more compact at
ZnMoO4with respect to ZnMoO4: 12.5% mol Eu3þ.
The experimental values found for Egap are in the range of3.55
and 4.25 eV, while theoretical calculations predict an indirect gap of
5.28 and 2.67eV for ZnMoO4 and ZnMoO:Eu3þ(12.5%) systems,
respectively. Fig. 6aeb reveals that the indirect transition is pro-
duced along the k-points F/G (010e001) from the top of VB to the
bottom of CB, although the band structure for the doped system is
very ﬂat. The projected total DOS for ZnMoO4 and ZnMoO4:12.5%
molEu3þ are presented in Fig. 7a and b, respectively. An analysis of
Fig. 4. Theoretical representation of the triclinic 1 % 2 % 2 supercell corresponding to (a) ZnMoO4 and (b) ZnMoO4:12.5% molEu3þ crystals.
L.X. Lovisa et al. / Journal of Alloys and Compounds 750 (2018) 55e70 59
193
these ﬁgures shows that the VB from 0 to #0.67eV (ZnMoO4) and
from 0 to #0.89eV (ZnMoO4: 12.5% molEu3þ) are composed mainly
of O orbitals (px,py and pz). CB is mainly formed by the Mo and Eu
orbitals with a lower contribution of the Zn orbitals (dz2, dx2-y2,
dxy, dxz, dyz), located in the range from 5.28 to 6.07eV (ZnMoO4)
and from 2.67 to 3.57eV (ZnMoO4: 12.5% molEu3þ).
The substitution of the RE3þ cations by Zn2þ cations promotes
an unbalance in the charges within the crystalline structure of
ZnMoO4 because the oxidation states of the cations are different. As
a way of restoring material neutrality, structural defects occur. The
Fig. 5. Determination of the gap energy value by using the Tauc and Wood method: (a) ZnMoO4 and ZnMoO4: 1% Tb3þ, 1% Tm3þ, x Eu3þ% mol: (b) x¼ 1%, (c) x¼ 1.5%, (d) x¼ 2%, (e)
x¼ 2.5% and (f) x¼ 3% mol.
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RE3þ cations when incorporated to the ZnMoO4 matrix causes an
excess of positive charges, then, Zn2þ vacancies appear [41,61,62].
From an electronic perspective, the presence of these defects pro-
motes the presence of intermediate electronic levels in the
forbidden region. This new band gap conﬁguration contributes to
electronic transitions occurring at a lower energy level. Fig. S1(of
Supporting Information)represents the decrease in the Egap with
increasing dopant concentration. It is observed that there is no
linearity in the relationship between the two parameters. It is
reasonable to consider that other factors may interfere, such as the
synthesis method as well as the morphology of the particles.
Fig. 8 presents the photoluminescence emission spectrum of the
ZnMoO4 and ZnMoO4:RE3þparticles. The samples were excited by a
laser of l¼ 350 nm at room temperature. An analysis of the results
displayed in Fig. 8 renders a ﬁrst band of lower intensity located
between 370 and 419 nm, which can be associated to the recom-
bination of the holee electron pairs within the clusters [ZnO6] with
predominant emission in violet. A second band of higher intensity
is observed located between 475 nm and 850 nm with a peak at
640 nm. Sczancoski et al. [35] consider that the energy states of the
molybdate crystals are formed by oxygen states (2p) located above
the VB and molybdenum states (4 d) located under the CB as shows
in Fig. 7. The electronic transitions of type Mo (4 d)/ O (2p) may
present different emissions according to the positioning of the
holes in the band structure. This second band was decomposed into
four emission bands indicating the contribution of each band of the
visible spectrum to the photoluminescence behavior, according to
the deconvolutions shown in Fig. 9. The transition corresponding to
the ﬁrst deconvolution band is associated with the shallow holes
(near the VB) related to O 2p orbitals with dominance in green.
While the orange, red and infrared emissions, corresponding to the
second, third and fourth bands, are associated to the deep holes
(slightly away from theVB) connected to the O 2p orbital [63].
Wu et al. [64] pointed out that the active vibration modes of the
Jahn-Teller T2 symmetry effect may inﬂuence the [MoO4]2- complex
of slightly distorted tetrahedral symmetry, which would result in a
structured absorption band for the electronic transitions type 1A1
/ 1T2. Ding et al. [65] have established that the blue emissions are
caused by 1A1 / 1T2electronic transitions in groups of intrinsic
tetrahedra [MoO4]2- and green emissions by structural defects of
the Frenkel type exist on the surface layer of the crystals.
The origin and the mechanisms responsible for the photo-
luminescence emissions of molybdates are not yet fully under-
stood. Several hypotheses supported by experimental and
theoretical results are reported in the literature to explain this
optical property. Campos et al. [66], through theory calculations,
propose that the CaMoO4 particles emission processes may be
related to the existence of distorted groups [MoO3] and [MoO4] in
the lattice. These authors have argued that these groups lead to the
formation of localized levels of energy in the band gap. Marques
et al. [67] associate the dependence of photoluminescent proper-
ties with the structural order disorder of molybdate prepared by
the polymeric precursor method. Ryu et al. [68] veriﬁed that both
the degree of crystallization and morphology are two important
factors in the photoluminescence emissions of BaMoO4 particles,
while Sczancoski et al. [35] suggest that the nature of these emis-
sions are very dependent on the local atomic organizations in the
structure.
Fig. 6. Band structure of (a) ZnMoO4 and (b) ZnMoO4:12.5 molEu3þ crystals.
Fig. 7. Projected total DOS of (a) ZnMoO4 and (b) ZnMoO4: 12.5% molEu3þ.
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Fig. 8 shows the emission bands for speciﬁc RE3þtransitions. For
Tb 3þ, they are5D4 / 7Fj (J¼ 6, 5) located at 490 and 546 nm,
respectively. The typical transitions of Eu3þ 5D0/ 7Fj (J¼ 1,2 and 4)
are positioned at 590, 619 and 624, 702 nm, respectively, while the
bands located at 619 and 624 can be attributed to the 5D4/ 7F2
(Eu3þ) transition. Speghini et al. [69a] proposed that the transitions
are dependent on the symmetry of the sites in which the Eu3þ is
positioned.
The 5D0/ 7F1 transition of Eu3þ is a magnetic dipole transition.
Its intensity is not inﬂuenced by the symmetry of the site. The 5D0
/ 7F2 transition is known as hypersensitive transition and it is
greatly inﬂuenced by the local symmetry of the Eu3þ cation and the
nature of the host matrix. As a consequence, Eu3þ dopants can also
be used as sensitive probes of local structural symmetry [70]. The
asymmetric ratio (R) was calculated considering the ratio between
the integrals of the areas under curves 5D0/ 7F2 and 5D0/ 7F1,
according to equation (3), to investigate the symmetry environ-
ment of the Eu3þcation site.
R ¼ Ið5D0/ 7F2 Þ
Ið5D0/ 7F1 Þ (3)
The calculated R was 1.70. It is observed that the peak of emis-
sion of electric dipole at 619 nm dominates the peak of emission of
magnetic dipole at 590 nm, which is mainly due to the occupation
of Eu 3þ cations without symmetry inversion [71].
The introduction of the RE3þ in the ZnMoO4 favors the photo-
luminescence emissions as it is observed in Fig. 8. For concentra-
tions higher than that one of the sample ZnMoO4: 1% Tb 1% Tm 2%
mol Eu3þ, a signiﬁcant drop in intensity can be sensed. This effect is
related to a critical concentration which is known as the quenching
concentration (see details in Fig. 8). In this critical concentration the
distance RE3þ- RE3þ is reduced, which favors the emergence of
non-radioactive transitions by a process of cross relaxation [72].
Non-radioactive transitions are expressed in phonon forms, which
result in vibrations within the crystal lattice. Wang [73] states that
the concentration of the dopant determines the average distance
between the two neighboring activator cations as well as the
photoluminescence efﬁciency of RE3þ in doped systems.
A decrease in the emission intensity shows the occurrence of
energy migration between RE3þin different sites in the lattice,
resulting in concentration quenching. Thus, an optimum concen-
tration for RE3þis found to be 4mol% (XC¼ 0.04). The concentration
quenching occurs by the non-radiative migration of energy be-
tween the RE3þcatons. The migration of non-radiative energy can
take place from two distinct mechanisms: i. e (i) Forster resonance
energy transfer (multipoleemultipole interaction) and (ii) Dexter
mechanism (exchange interaction) [74].
For the Forster resonance energy transfer to be characterized in
a system it is necessary that: the donor (D) is in the excited state
and that the distance between the donor and the activator ion (A) is
a factor of great inﬂuence for the transfer power. The speciﬁc
conditions must be fulﬁlled for this mechanism to take place. Note
the following points: (I) the emission range of D is partially
superimposed on the absorption range of A, and (II) the distance
(Rc) between D and A must be sufﬁciently short, since the energy
transfer efﬁciency is proportional to 1Rc6 , to allow the interaction of
the multipole-multipole emission bands of material [75,76]. The
Forster resonance energy transfer can usually happen at distances
of up to 100Å. Dexter (also known as exchange or coalitional en-
ergy transfer) is another dynamic quenching mechanism. Dexter
energy transfer is a short-range phenomenon (Rc¼ 10Å) that de-
creases with e#Rand depends on spatial overlap of donor and
quencher molecular orbitals [74].
The critical energy transfer distance (Rc) for ZnMoO4:RE3þ was
estimated by equation (4) suggested by Blasse [77] from the pa-
rameters of the structure, namely the unit cell volume (V), the
number of units of the molecular formula per unit cell (Z) and the
quenching concentration (Xc).
Rcz2
#
3V
4XcpZ
$1=3
(4)
For the ZnMoO4 system: 1% Tb 1% Tm 2%molEu3þ, the following
values were considered: Z¼ 6, V¼ 564.9384Å3 and Xc¼ 0.04, the
calculated Rc was 16.50Å. Normally, the exchange interaction is
preferably in an energy transfer process when the value of Rc is
between 5 and 10Å [78]. In case of values higher than 10Å, there is
no indication of exchange interaction in this mechanism. Conse-
quently, other multipolar electrical interactions are responsible for
the quenching effect between two more activating ions (RE3þ).
To characterize the light emitted by the ZnMoO4 and
ZnMoO4:RE3þ particles, the chromaticity coordinates (Xc, Yc) were
calculated as the basis for the distribution of the photo-
luminescence emission spectrum as established by the
Fig. 8. Photoluminescence emission spectra of the particles (a) ZnMoO4, and ZnMoO4: 1% Tb3þ, 1% Tm3þ, x Eu3þ % mol: (b) x¼ 1%, (c) x¼ 1.5%, (d) x¼ 2%, (e) x¼ 2.5% and (f) x¼ 3%
mol; detail of quenching effect on transition 5D0/ 7F2 (Eu3þ).
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international commission on illumination (CIE) [79,80]. As well as,
the correlative color temperature (CCT) of each sample was esti-
mated using McCamy's empirical formula [81].
CCT ¼ #449n3 þ 3525n2 # 6823nþ 5520:33 (5)
wheren ¼ ðx#xeÞðy#yeÞ is the inverse slope line, xe¼ 0.332 and ye¼ 0.
The color reproduction index (CRI) is a quantity that measures
the ability of a light source to reveal the colors of various objects
faithfully compared to an ideal or natural light source. This index
ranges from 0 to 100%, the closer to 100% the greater the color
accuracy of objects. Fig. 10 represents the chromaticity diagram
representing the points of the CIE coordinates (Xc, Yc) of all sam-
ples. Table 2 shows the CIE, CCT and CRI coordinates of the
ZnMoO4and ZnMoO4:RE3þ particles.
The decay was recorded for 5D0 / 7F2 transition of Eu3þ at
614 nm emission. The decay curves of all the ZnMoO4: RE3þ sam-
ples exhibited bi-exponential decay as shown in Fig. 11 and have
been ﬁtted into exponential equation (6). The average lifetime for
the bi-exponential decay was calculated from the following
formula (7), the calculated decay parameters are listed in Table 3.
I ¼ A1exp
!
#t
t1
"
þ A2exp
!
#t
t2
"
(6)
Where I is the emission intensity at any time ‘‘t’’ after switching off
the excitation illumination, A1, A2 are constant. t1, t2 are the bi-
exponential component of the decay time. The average lifetime
for 614 nm emission can be determined by the following formula
(6):”
Fig. 9. Deconvolutions of the photoluminescence emission spectra of the particles (a) ZnMoO4; ZnMoO4: 1% Tb3þ, 1% Tm3þ, x Eu3þþ% mol: (b) x¼ 1%, (c) x¼ 1.5%, (d) x¼ 2%, (e)
x¼ 2.5% and (f) x¼ 3% mol.
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t ¼
%
A1$t12
&þ %A2$ t22&
A1$t1 þ A2$ t2
(7)
And the energy transfer efﬁciency from host to RE 3þ can be
calculated according to equation (8) [82]:
n ¼ ð1# t
t0
Þx 100% (8)
Where t and t0 is the corresponding emission lifetimes of the
donor in the presence and absence of the acceptor (RE3þ) for the
same donor concentration, respectively. The energy transfer efﬁ-
ciency from the host to RE3þ in ZnMoO4 is 43% for sample of
ZnMoO4: 1% Tb3þ 1% Tm3þ 2% molEu3þ, that exhibited better
luminescence.
From the FE-SEM images, it was possible to identify the modi-
ﬁcations themorphologies of ZnMoO4 and ZnMoO4:RE3þ, as well as
to estimate the particle size distribution. Chemical analyzes were
performed from the x-ray ﬂuorescence spectroscopy of samples
ZnMoO4 and ZnMoO4: 1% Tb3þ 1% Tm3þ 3% molEu3þ, proving the
existence of the elements Zn, Mo, O, Eu, Tm and Tb.
For the sample of pure ZnMoO4, it is observed that the particles
have plate morphologies, according to the measurements speciﬁed
in Fig. 12 (I). A similar morphology is found for the sample of
ZnMoO4: 1% Tb3þ 1% Tm3þ 1% molEu3. For ZnMoO4: 1% Tb3þ 1%
Tm3þ1.5% molEu3þ, it was identiﬁed octahedral particles with well
deﬁned facets. The ZnMoO4: 1% Tb3þ 1% Tm3þ2% mol Eu3þparticles
exhibited two different types of morphology and octahedral and
cubic shape can be sensed. Through the detail of Fig. 12 (IV), it can
be seen the appearance of cubic structures, evidencing the change
in the morphology of the particles. The cubic-shaped particles are
most relevant for the sample ZnMoO4: 1% Tb3þ 1% Tm3þ 2.5% Eu3þ,
conﬁrming the trend presented in the previous sample. Moreover,
it was possible to identify other forms: hexagonal and octahedral
shapes. The sample ZnMoO4: 1% Tb3þ 1% Tm3þ 3% Eu3þpresented
particles with cubic and hexagonal shapes.
It is well known that the control of the particle growth process is
complex and very sensitive to the chemical environment and the
internal crystalline structures [83]. The precursor type may be
selectively adsorbed on speciﬁc exposed surface planes, thereby
changing the surface energies and then an inhibition of the
appearance of some surface particles along the growth process
takes place. Huo [84] stated that the crystallographic planes
exposed during the crystal growth process will rapidly decrease
during the process as a result of the minimization of the surface
energy of the small crystals, which eventually disappear or
decrease their participation in the generatedmorphology. Thus, the
surface is generally surrounded by planes with lower surface en-
ergies, resulting in slower crystal growth [85].
The equilibrium shape of ZnMoO4and ZnMoO4: RE3þcrystals can
be calculated using the classicWulff construction, whichminimizes
the total surface free energy at a ﬁxed volume, and provides a
simple relationship between the Esurf of the (hkl) plane and its
distance in the normal direction from the center of the crystallite.
The surface structure and energy values for the (120), (011),
(001), (201), (220), (100), (111) and (112) surfaces are described in
Table 2
CIE, CCT and CRI coordinates of ZnMoO4 and ZnMoO4: RE3þ samples.
Code Samples (Xc, Yc) CCT (K) CRI Color
A ZnMoO4 (0.51, 0.43) 2256 87 Orange
B ZnMoO4: 1% Tb 1% Tm 1% mol Eu3þ (0.53, 0.41) 1953 84
C ZnMoO4: 1% Tb 1% Tm 1.5% mol Eu3þ (0.54, 0.41) 1876 84
D ZnMoO4: 1% Tb 1% Tm 2% mol Eu3þ (0.52, 0.42) 2099 93
E ZnMoO4: 1% Tb 1% Tm 2.5% mol Eu3þ (0.54, 0.40) 1818 81
F ZnMoO4: 1% Tb 1% Tm 3% mol Eu3þ (0.55, 0.42) 1861 82
Fig. 11. Decay curves of ZnMoO4 and ZnMoO4: RE3þ.
Fig. 10. Chromaticity diagram.
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Table 3
Comparison of emission lifetimes of ZnMoO4 and ZnMoO4: RE3þ.
Samples lexc (nm) lem (nm) A1 t1 (ms) A2 t2 (ms) t (ms)
ZnMoO4 394 614 79.87 0.15 230.29 0.50 0.47
ZnMoO4: 1% Tb 1% Tm 1% mol Eu3þ 394 614 1054.57 0.70 655.03 0.21 0.62
ZnMoO4: 1% Tb 1% Tm 1.5% mol Eu3þ 394 614 384.89 0.31 522.19 0.89 0.77
ZnMoO4: 1% Tb 1% Tm 2% mol Eu3þ 394 614 1251.93 0.28 722.74 0.03 0.26
ZnMoO4: 1% Tb 1% Tm 2.5% mol Eu3þ 394 614 620.42 0.09 1260.92 0.63 0.59
ZnMoO4: 1% Tb 1% Tm 3% mol Eu3þ 394 614 985.03 0.65 488.45 0.08 0.62
Fig. 12. SEM-FEG images for samples ZnMoO4 (I), and ZnMoO4: 1% Tb3þ, 1% Tm3þ, x Eu3þ 3% mol: x¼ 1% mol (II), x¼ 1.5% mol (III), x¼ 2% mol (IV), x¼ 2.5% mol (V), and x¼ 3% mol
(VI).
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Fig. 12. (continued).
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Fig. 13. Morphology map of (a) ZnMoO4 and (b) ZnMoO4:12.5% mol Eu3þ crystals obtained from Wulff's construction. The values of Esurffor (120), (011), (001), (201), (100), (220),
(111), and (112) surfaces are employed. Surface energy is in J m#2.
L.X. Lovisa et al. / Journal of Alloys and Compounds 750 (2018) 55e70 67
201
the supplementary information. According to our results, the order
of stability is as follows: (120)> (001)> (011) faces in the ideal
model. Initially, it was calculated the ideal morphology of ZnMoO4
and ZnMoO4:Eu3þ from the Esurf, and it is constituted by 33% (33%)
of (120) surface, 23% (24%) of (001) surface, 22% (24%) of (011)
surface, 16% (14%) of (201) surface, and 6% (7%) of (100) surface,
being the values in parenthesis for ZnMoO4:12.5% molEu3þ.
The available morphologies for both ZnMoO4 and
ZnMoO4:12.5% mol Eu3þsystems can be obtained modifying the
relative values of the surface energies or each surface, as it is shown
in Fig. 13(a and b). In this map, it is found the experimental
morphology obtained for ZnMoO4in the present work, by means of
the following paths: from the ideal morphology by increasing and/
or decreasing the Esurfvalue of (011), (100), (220) and (001) surfaces
as shown in Fig. 13a. The morphology reported by Jia et al. and
Wang et al. [86,87] can be reached following the path from A to C
and to C1 paths, respectively. Jia et al. synthesized ZnMoO4 by hy-
drothermal method in conditions of different template agents and
the as-prepared products presented varied morphologies for the
same crystalline phase (monoclinic), showing in Fig. 13a the cor-
responding morphology. Wang et al. prepared ZnMoO4via a hy-
drothermal route with the increase in the monomer concentrations
and the inﬂuence of temperature on the shape of ZnMoO4 was also
investigated, reporting a transition from monoclinic to triclinic
phase.
The experimental morphology of ZnMoO4:Eu3þwas reached by
increasing the value of Esurf for (100)surface to 3.70 J/m2as illus-
trated in Fig. 13b. It is known that a change of morphologies can
occur because of the presence of surfactants, impurities, tempera-
ture, synthetic routes and other factors. Furthermore, in this work,
it is proposed a theoretical strategy for obtaining a reaction path,
assuming the creation and screening of alternative reaction routes
(intermediates states), to lead to a desired morphology, as pre-
sented in Fig. 13(c and d). Therefore, the values of Esurffrom the
calculated ideal morphology were used (Fig. 13(c and d))to predict
the intermediate states to lead to a desired morphology (experi-
mental), and this strategy allows us to rationalize the different re-
action paths to pass the corresponding energy barriers and to
control the crystal morphologies.
4. Conclusions
Searching for new classes of inorganic materials, which emerge
as a promising option in high-performance applications in the ﬁeld
of photoluminescence, has received special attention. Particularly,
oxides doped with rare earth (RE3þ) elements present high lumi-
nous efﬁciency, long decay time and emissions in their visible
region.
In the present work, ZnMoO4 and ZnMoO4: RE 3þ ¼ Tb3þ - Tm3þ
- x Eu3þ (x¼ 1, 1.5, 2, 2.5 and 3mol %)crystals were successfully
synthesized using the sonochemical method. XRD observation
revealed good crystallinity of the samples prepared without any
impurities. All samples showed light emission in the orangeered
region. Experimental results and ﬁrst-principles calculations
show a reduction in Egap values provoked by the structural defects
and changes of the electronic structure promoted by the intro-
duction of RE3þ in the ZnMoO4 lattice. We have for the ﬁrst time
demonstrated that the sample ZnMoO4: 1% Tb3þ, 1% Tm3þ, 2% Eu3þ,
present a larger photoluminescence intensity. At higher concen-
trations of RE3þ, the quenching effect was observed. The structural
and band gap relationship points out the possibility of band gap
engineering in these materials through composition modulation.
FEG-SEM images revealed that both ZnMoO4 and ZnMoO4:12.5%
Eu3þsamples exhibited similar morphologies. First-principle cal-
culations, at density functional theory level, were performed to
obtain the values of surface energies and relative stability of the
(120), (001), (011), (201), and (100) surfaces andWulff construction
is employed to rationalize the crystal morphologies found by FE-
SEM images. A complete map of the morphologies available for
ZnMoO4 and ZnMoO4:12.5% mol Eu3þ is obtained and a possible
explanation for the transformation processes is provided in which
the experimental and theoretical morphologies can match. The
present study provided fundamental knowledge on ZnMoO4,and
the method of controlling its color emission. Then, a new strategy
for the rational structural design of ZnMoO4:RE3þ crystals for op-
toelectronic applications is presented.
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a b s t r a c t
CaZrO3 (CZO) powders obtained by the polymeric precursor method at 400 !C, and then, the samples
were annealed at different temperatures (400, 600, 800, and 1000 !C) and characterized by X-ray
diffraction, Raman and ultravioletevisible spectroscopic methods, along with photoluminescence (PL)
emissions. First principle calculations based on the density functional theory (DFT), using a periodic cell
models, provide a theoretical framework for understanding the PL spectra based on the localization and
characterization of the ground and electronic excited states. Fundamental (singlet, s) and excited (singlet,
s*, and triplet, t*) electronic states were localized and characterized using the ideal and distorted
structures of CZO. Their corresponding geometries, electronic structures, and vibrational frequencies
were obtained. A relationship between the different morphologies and structural behavior has also been
established.
Polarized structures were identiﬁed by the redistribution of the 4dz2, 4dyz, and 4dxy (Zr) orbitals at the
conduction band and the 2pz (O) orbital in the valence band for s, s* and t*. Analysis of the vibrational
eigenvector modes of these electronic states reveals a relationship between them via asymmetric
bending and stretching modes that arise from Zr atom displacements due to polyhedral [ZrO6] distortion.
Furthermore, the results provided an insight into the PL emissions of the as-synthesized CaZrO3 and led
to the conclusion that the presence of electronically excited states is strongly related to the structural
order-disorder effects (polyhedral distortion) at short range for both [ZrO6] and [CaO8] clusters.
© 2017 Elsevier B.V. All rights reserved.
1. Introduction
The importance of the local structure in determining the
observable properties of a material has been discussed since the
advent of crystallography [1]. Therefore, the physical and chemical
properties of ceramics are intimately linked to their local structure,
characterized by the regular and repeating geometry associated
with the primitive lattice. While the concept of a crystalline solid as
a perfect, periodic structure is at the core of our understanding of a
wide range of material properties, disorder is in reality ubiquitous,
and can inﬂuence various properties drastically. In typical ferro-
electric crystals, the polarization and related properties result from
structural lattice distortions. For example, in BaTiO3, the off-
centering displacement of Ti in the [TiO6] octahedron is the origin
of its exceptional dielectric properties [2]. Very recently, different
possibilities to explain the PL emissions in crystalline Ba(ZrxTi1-x)O3
were associated to the isomorphic Zr/Ti substitutions and structural
distortions at the [ZrO6] octahedra [3].
According to the electronic band theory, band formation re-
quires a periodic potential, typically established by regularly spaced
atoms in a crystal lattice. When this periodicity is perturbeddfor
example, when electromagnetic radiation interacts with mat-
terdthe structural and electronic order-disorder effects appear,
inducing the presence of intermediate states within the band gap,
as well as enhancing the anisotropy of the chemical bonds in the
materials. These effects are concomitant with the presence of
excited electronic states from the ground state after the activation
process, determining to a larger extent the efﬁciency and the
* Corresponding author.
E-mail address: lourdes.gracia@uv.es (L. Gracia).
Contents lists available at ScienceDirect
Journal of Alloys and Compounds
journal homepage: http: / /www.elsevier .com/locate/ ja lcom
http://dx.doi.org/10.1016/j.jallcom.2017.06.052
0925-8388/© 2017 Elsevier B.V. All rights reserved.
Journal of Alloys and Compounds 722 (2017) 981e995
205
spectral features of emitted radiation. Following the classical paper
of Blasse [4], the luminescence of self-activated closed-shell tran-
sition metal oxides is basically of charge transfer character.
In this context, PL emission is well suited for the characteriza-
tion of crystalline materials based on broad band gap semi-
conductors. In particular, our group is involved in a research project
on binary and complex metal oxides as potential alternatives to
traditional metal activator based phosphors, because of their ad-
vantages of low toxicity, stability, tunable emission color, and low
cost. These oxides include TiO2 [5], ZnO [6], ZnS [7], SnO2 [8],
molybdates [9e11], and tungstates [12,13]. Among the numerous
types of perovskite materials (ABO3), alkaline earth metal perov-
skite oxides are a veritable gold mine of diverse physical and
chemical properties with large technological applications [14e21]
based on ferroelectricity, piezoelectricity, non-linear optical
behavior, and PL emissions, that arise from the absence of inversion
symmetry in a crystal structure [22]. ABO3 perovskite compounds
have a large cation at the A-site, a smaller cation at the B-site, and
the oxygen O acts as a bridging ligand, linking the B-site cations to
form a three-dimensional cage-like host framework consisting of
anionic [BO3]" cages enclosed by 12 BeO-B fragments and ﬁlled by
A-site guest cations. The ideal structure of perovskite oxides has the
cubic space group Pm3m, and the structural variations from the
ideal cubic prototype mainly arise from the displacement of the A-
and B-site cations and the tilting of the [BO6] octahedra, based on
Glazer's exhaustive classiﬁcation of the tilted octahedral [23,24].
Symmetry-breaking processes have long played a central role in
the design of functional materials. An important example is the rich
PL behavior in the ABO3 perovskite oxides which originate, at least
in part, from the structural and electronic order-disorder effects of
the [BO6] octahedra through distortions and rotations. Octahedral
rotations provoke changes in the B-O and A-O bond lengths as well
as B-O-B and A-O-A bond angles, shifting the positions of the ox-
ygen ions from the edges of the cubic perovskite structure [25]. The
overall result is that the unit cell deforms and the structure is no
longer cubic but of reduced symmetry, such as orthorhombic,
rhombohedral, tetragonal, monoclinic, and triclinic phases,
depending on the details of the [BO6] octahedral rotations and B-
site distortions. This inﬂuences the electronic and optical proper-
ties of materials, behavior of photo-generated charge carriers,
including excitation, transfer, and redox reactions, and plays an
important role in their technological applications [6,17,26e30]. It
should be realised that the absorption transition of the [BO6] cluster
corresponds to an electron transition from a bonding to a
nonbonding molecular orbital, i.e. the chemical bond is perturbed,
so that the [BO6] cluster is distorted.
The disorder is considered intrinsic if it is associated with the
localization of electrons and electron holes, provoking the presence
of different electronic states within the band gap. These electronic
states are responsible for the PL behavior. The excitation induced by
electromagnetic radiation promotes electrons from the valence
band (VB) to the conduction band (CB) by this process. These
phenomena originate from the interactions between matter and
external incoming light, and an electronic excited state is obtained
when a system (crystal) is in an energy level higher than the ground
state, e.g., after the absorption of one or more quanta of light
(photons). The structure and charge distribution of both funda-
mental and electronic excited and short-lived states are key to
understanding the optical properties. It is necessary to emphasize
that PL emissions are microscopic in origin and the structures of
these short-lived excited states are difﬁcult to obtain. Excited
electronic states reveal information about the electronic structures
of the material, but they are short-lived and highly reactive, making
the quest to manipulate them extremely demanding.
The difﬁculties encountered in separating complex factors dur-
ing experiments are not present when employing theoretical
models based on quantum mechanics, which is a reliable tool to
describe these systems at the microscopic scale. Consequently, one
has to resort to quantum chemical simulations to provide a better
understanding of experiments in order to help in ascertaining the
geometry and electronic structure of the electronic excited states
and therefore prediction, of the PL behavior. However, modeling
the structure of excited electronic states and their properties using
the ﬁrst-principles electronic structure methods is still a huge
challenge. To overcome this difﬁculty, numerous efforts by our
research group have beenmade to understand themechanism of PL
emissions in SrTiO3, SrTiO3:Sm, CaWO4, BaZrO3, and BaZr1-xHfxO3
solid solutions based on the characterization of excited electronic
states [31e37], where the computational cost is signiﬁcantly
reduced by imposing periodic boundary conditions.
Calcium zirconate, CaZrO3 (CZO), has received a lot of attention
due to its exceptional dielectric and catalytic properties and PL
emissions with applications in diverse areas of science and tech-
nology such as hydrogen sensors, luminescence hosts, multilayer
capacitors, catalysis, and so on [38e48] CZO presents an ortho-
rhombic structure with 8 and 6-coordination for the Ca and Zr
atoms, [CaO8] and [ZrO6], respectively, as the constituent building
blocks of this material [49]. There are several reports on the elec-
tronic structure calculations performed to study CZO in the ground
state [50e55]. Recently, Gupta et al. [56] have been performed a
spectroscopic and theoretical study to explain the PL emission in
the blue region based on the nature of defects, while Moreira et al.
[57] employed ﬁrst-principles calculations to clarify the mecha-
nisms involved in the luminescence emissions observed for disor-
dered BaZrO3, proposing a novel explanation for transitions from a
PL and to a radioluminescence emission regime based on crystal-
line defects.
Nevertheless, no insights about the PL emissions based on the
presence of electronic excited states have been obtained. The focus
of this article is to expand the theoretical understanding of the
phenomena in CZO as a result of an analysis of the electronic
excited states. First principles calculations are employed in the
present research, and we argue that because our procedure gen-
erates models in accord to the experiment, our methodological
approach is valid. In addition, a careful examination of the calcu-
lated results provides an insight into the physical origin of the
process that accounts for the PL behavior of CZO materials. Full
details, describing the generation of the atomistic models are pre-
sented in the Supplementary Information.
In the present work the focus is the PL mechanism and its
relationship with the presence of excited electronic states in
intrinsically disordered CaZrO3 crystals, and we seek to fulﬁll a
three-fold objective: synthesis and characterization by X-ray
diffraction (XRD), Raman and UVeVis spectroscopy, and PL emis-
sions of the as-synthesized CZO samples; employment of ﬁrst
principles calculations based on the density functional theory
(DFT), at B3LYP level, to localize and characterize (geometry, elec-
tronic properties, and vibration frequencies) both ground and
excited electronic states of CZO (electronic structures, including
density of state (DOS) and band structures were calculated based
on optimized geometries); and the achievement of a relationship
between structural and electronic order-disorder effects and PL
emissions.
The remainder of the paper is organized as follows; the analysis
and discussion of both theoretical and PL results are presented in
Section 3. The main conclusions are given in Section 4.
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2. Experimental procedures and computational details
2.1. Synthesis and characterization
The powder CZO was prepared by the polymeric precursor
method, kept for 4 h at 400 !C to eliminate any remaining carbon.
CZO samples were then annealed at 400, 600, 800 and 1000 !C for
2 h. This procedure has been performed to obtain different
perovskite-based materials by our research group [27,58]. The
annealed samples at 400, 600, 800 and 1000 !C were characterized
by XRD (Rigaku DMax2500PC) using Cu Ka (l) 1.5406 Å radiation.
The data were collected from 10! to 120! in the 2q range with 0.5!
divergence slit, 0.3 mm receiving slit, in ﬁxed-timemodewith 0.02!
step size and Is/point. Crystal structures were identiﬁed and reﬁned
by the Rietveld method using the GSAS software [59]. This software
is specially designed to reﬁne simultaneously both the structural
and the microstructural parameters through a least squares
method. The peak proﬁle function was modeled using the convo-
lution of the Thompson-Cox-Hastings pseudo-Voigt (pV-TCH) with
the asymmetry function described by Finger et al. [60]. The Rietveld
reﬁnement is presented in a previous reported study [61], and
provides the network parameters a, b, and c as well as internal
coordinates, space group of the CZO and reﬁnement of quality
indicators.
PL spectra we are measured with an Ash Monospec 27 mono-
chromator (Thermal Jarrel, U.S.A.) and a R4446 photomultiplier
(Hamamatsu Photonics, U.S.A.). The 350 nm excitation wavelength
of a krypton ion laser (Coherent Innova 90 K) was used as excitation
source, keeping its maximum output power at 200 mW. XRD and
Raman spectra, and PL measurements were carried out at room
temperature for annealed samples at 400, 600, 800 and 1000 !C.
2.2. Computational details
Theoretical calculations were performed using the periodic
quantum mechanical method implemented with the computer
program CRYSTAL14 [62]. The computational method used is based
on density functional theory (DFT) together with the B3LYP func-
tional [63]; [64]. This computational technique has been successful
for the study of the electronic and structural properties of various
materials including perovskites and several other oxides [36]; [65].
The standards (6-31d1G) all electron basis set were used to
describe the atomic orbitals of calcium [66], zirconium [67] and
oxygen [68] atoms. The diagonalization of the Fock matrix was
performed at 27 or 36 k-points grids in the reciprocal space for bulk
singlet (s) or excited singlet (s*) and triplet (t*) electronic states,
while 9 or 10 k-points grids were used for surfaces in singlet (s and
s*) or triplet (t*), respectively, of the CZO system. The thresholds
controlling the accuracy of the calculation of the Coulomb and
exchange integrals were set to 10"8 (ITOL1 to ITOL4) and 10"14
(ITOL5), and the percent of Fock/Kohn-Sham matrices mixing was
set to 40 (IPMIX keyword) [69]. The XCrysDen programwas used as
a graphical tool to design the spin density plots and VESTA program
was used for the design of morphology.
We use periodic models to ﬁnd the ground and excited elec-
tronic states. A 1 # 1 # 1 cell was used as a periodic model to
Fig. 1. Cell 1 # 1 # 1 for modeling the electronic states of CZO and the corresponding expansion along a and c directions: a) singlet electronic state, s, and b) excited singlet, s*, and
triplet, t*, electronic states.
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represent the fundamental s electronic state, while s* and t* excited
electronic states were modeled by shifting the zirconium by a (0.0
0.0 0.2) Å vector from its previous position in the cell (Fig.1a and b).
CZO presents an orthorhombic structurewith space group Pcmn.
An excited state is obtained by imposing a low and high spin state
that must promote an electron from the VB to the CB. Per unit cell,
this transaction corresponds to imposing two electrons with the
opposite (singlet) and same spin (triplet). It also creates a Frenkel
exciton (hole in the VB, electron in the CB). To ﬁnd the excited
electronic states, two arrangements have been explored based in
the same model but changing the optimization conditions: i) Zr
displacement from the center of a [ZrO6] octahedron in the
orthorhombic CZO, followed by an arising of a spontaneous polar-
ization from this asymmetrical structure, resulting in the Jahne-
Teller effect [70], ﬁxing the cell parameters to obtain the excited
singlet, s*; ii) Zr displacement from the center of a [ZrO6] octahe-
dron, in which the position of the six nearest oxygen atoms sur-
rounding the Zr atom is optimized as well as cell parameters to ﬁnd
the excited triplet, t*, in which, distorted clusters [CaO8] are also
obtained. Then, a series of calculations were carried out on each
different electronic states in order to determine their electronic
structures and the speciﬁc atomic states which make up their
corresponding energies. This information is used to understand the
transitions associated with PL emission behavior.
Vibrational analysis for ground and excited electronic states in
their equilibrium conﬁgurations has been made to ensure that
there are no imaginary frequencies corresponding to the saddle
points on the potential energy surface. It is well known that DFT
calculation at B3LYPmethod tends to overestimate the values of the
vibrational frequencies; therefore, a scaling factor of 0.94 is used
[71].
Slab models containing in singlet 8 molecular units (in singlet
state) and 4 molecular units (in triplet state) for (121), (100), (010),
(101), (001), (111), and (011) surfaces, respectively, were consid-
ered, after corresponding energy convergence tests. The surface
energy is calculated by using the following equation:
Esuf ¼
1
2A
ðEslab "N EbulkÞ
where A is the surface area of each slab, N is the number of mo-
lecular units, Eslab is the total energy of the slab, Ebulk is the total
energy per molecular unit for the CZO unit cell. A classic Wulff
construction can be obtained, from calculated Esurf values, that
minimizes the total surface free energy at a ﬁxed volume.
3. Results and discussion
3.1. X-ray diffraction analysis
The X-ray diffraction patterns for the CZO sample at different
temperatures are shown in Fig. 2, and indicate a single phase
orthorhombic perovskite with the Pcmn space group. The diffrac-
tion peaks were indexed based on the JCPDS 35-0790 ﬁle and the
crystallization of CZO is observed. In annealed samples at 400 and
Fig. 2. XRD patterns of the CZO powders annealed at different temperatures for 2 h.
Fig. 3. Photoluminescence spectra of the CZO powder annealed at different
temperatures.
Fig. 4. Raman spectra of CZO powder annealed at different temperatures. The posi-
tions of the active modes are indicated.
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600 !C, the peaks appear more widened and the material is
structurally less organized at long range and disordered at short
range, involving disordered [CaO8] and [ZrO6] clusters, as constit-
uent building blocks of CZO; this behavior can be attributed to
structural distortion from the parent high-symmetry structure.
3.2. Photoluminescence properties
Fig. 3 displays the PL emission spectrum of the CZO sample
annealed at 1000 !C. An emission band extending from 350 to
850 nm and peaking around 450 nm is seen. Additionally, low PL
emission intensity was observed at annealed samples at 400 and
800 !C, while at 600 !C the PL emission is absent. This indicated
that the PL behavior of CZO is sensitive to temperature, and a high
PL emission requires a certain amount of order together with dis-
order in the CZO samples. This is also indicated by the diffraction
peaks in Fig. 3, which become broader indicating an increase of
structural order at short range at both annealed samples at 800 and
1000 !C in the lattice. The PL emissions of perovskite-based ma-
terials depend on different aspects, among them the excitation
wavelength and synthesis method. In the present work both factors
are different of those used in the paper by Gupta et al. [56]. Our
results are in line with previous results on different perovskite-
based materials [27,72].
3.3. Raman spectra
The Raman spectra with ten active modes are shown in Fig. 4.
CZO with the orthorhombic structure and D162h (Pcmn) sym-
metry group, presents the following irreducible representations at
the G point of the Brillouin zone and distribution among the
following symmetries:
8Auþ 10B1uþ 8B2uþ 10B3uþ 7Ag(R) þ 5B1g(R) þ 7B2g(R) þ 5B3g(R)(1)
Fig. 5. Electronic states of CZO in terms of cluster constituents: a) singlet and excited singlet electronic states, s and s*, respectively and b) excited triplet electronic state, t*.
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where 7Ag þ 5B1g þ 7B2g þ 5B3gare a total of 24 Raman (R) active
modes, 9B1uþ 7B2uþ 9B3u are the 25 infrared active modes, 8Au are
non-active modes, along with three translational modes
(B1u þ B2u þ B3u) [73,74].
The Raman spectra with ten active modes are shown in Fig. 4.
The bands in the range 140e300 cm"1 are associated with O-Zr-O
torsion modes. The bands at 433 and 464 cm"1 are related to the O-
Zr-O bending modes and the band at 537 cm"1 results from the Zr-
O stretching mode. The Raman spectrum of annealed sample at
900 !C was previously reported and compared to other
experimental studies [75], showing that this kind of system is
typically observed in the low wave number range 145e547 cm"1
[73], 143e545 cm"1 [76], 153e515 cm"1 [77].
The appearance of three vibration modes of annealed sample at
1000 !C, which are not present at temperatures of annealed sam-
ples at 400 and 600 !C, was noted. This can be associated with the
local distortion of the [ZrO6] octahedra, causing a breakdown of the
Raman selection rules and the presence of weak bands in the
Raman spectra. Then, the PL emissions can then be related to the
appearance of new vibrational modes at 1000 !C.
Table 1
Bond distances for the fundamental singlet electronic state (s) and excited (s*) and triplet (t*) electronic states 1x and 2x refers to the multiplicity of the bond.
s t*
Bond (Å) Bond (Å) Bond (Å)
Ca O1 1x 2.341 Ca1 O1 2.348 Ca2 O2 2.348
O2 2x 2.362 O11 2.433 O12 2.433
O1 1x 2.461 O6 2.447 O1 2.447
O2 2x 2.679 O2 2.449 O5 2.449
O2 2x 2.844 O12 2.583 O8 2.583
O5 2.669 O6 2.669
O7 3.050 O9 3.050
O10 2.814 O11 2.814
Ca3 O3 2.301 Ca4 O4 2.301
O9 2.346 O7 2.346
O8 2.381 O10 2.381
O4 2.408 O3 2.408
O5 2.573 O11 2.573
O7 2.656 O9 2.656
O10 3.027 O6 3.027
O12 3.272 O8 3.272
Zr O2 2x 2.100 Zr1 O9 2.160 Zr2 O12 2.160
O2 2x 2.091 O2 2.171 O6 2.171
O1 2x 2.097 O7 2.179 O4 2.179
O5 2.190 O8 2.190
s* O11 2.159 O1 2.194
Bond (Å) O3 2.186 O10 2.292
Zr displ. O2 1x 1.657 Zr3 O1 1.995 Zr4 O6 1.995
O2 1x 2.596 O9 2.096 O8 2.096
O2 1x 1.839 O4 2.128 O3 2.128
O2 1x 2.455 O7 2.131 O12 2.131
O1 1x 2.232 O11 2.174 O2 2.174
O1 1x 2.116 O5 2.294 O10 2.294
a ¼ 5.594 Å, b ¼ 8.021 Å and c ¼ 5.761 Å for s and s* states.
a ¼ 5.673 Å, b ¼ 8.155 Å and c ¼ 5.844 Å for t* state.
Fig. 6. Spin density localization for the t* state of CZO: a) 3D representation where the spin density is localized (yellow color) in 4dz2, 4dyz and 4dxy of Zr2 atom and 2pz of O10 atom.
b) Projection on a plane (passing through Zr2-O10-O12 atoms) in which atoms with highest spin density are included. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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3.4. Theoretical study
The ground state of CZO has an orthorhombic structure, with
both [ZrO6] and [CaO8] clusters as the building blocks. To ﬁnd
excited electronic states, different models have been used to ach-
ieve a slight distortion in the [ZrO6] octahedra. The transformation
from the fundamental s to s* states occurs following a displacement
of 0.2 Å, for 25% of the Zr atoms along the (001) direction. As a result
of Zr atom displacement from the center of the [ZrO6] octahedron, a
spontaneous polarization is produced and a JahneTeller effect and
asymmetrical relaxation of the six nearest oxygen atoms sur-
rounding the Zr atom in the [ZrO6] cluster occurs.
However, the transformation from the fundamental s to t* states
is produced by a slight distortion of [ZrO6] and [CaO8] clusters with
a structural order-disorder effect in the Zr-O and Ca-O bonds of
CZO. An analysis of the results shows that the transformation from
the fundamental s to s* is produced by a slight distortion of [ZrO6]
clusters on a very ﬂat energy surface. For the t* state an expansion
of cell parameters of ~1.5% is found: the a parameter increases from
5.594 to 5.673 Å, b parameter from 8.021 to 8.155 Å, and c
parameter from 5.761 to 5.844 Å. In particular, the displacement of
the Zr atom causes a slight distortion of both Zr2 and Zr4 clusters,
as well as the Ca3 and Ca4 clusters, the latter forming [CaO6þ 2]
clusters. A schematic representation of the unit cells in terms of
their cluster constituents is presented in Fig. 5. The Ca-O and Zr-O
bond distances for the three systems, s, s*, and t* conﬁgurations
are listed in Table 1.
It is important to note that the Zr-O bond distances in the t* state
are stretched and shortened to 2.294 and 1.995 Å, respectively (see
Table 1), and this effect can be related to the structural order-
disorder effect associated with the appearance of PL at 1000 !C.
The characterization of the spin density distribution can be
useful for understanding the PL properties of CZO that are based on
the behavior of the d-orbitals occupied by unpaired electrons, that
is the difference between the contributions from spin alpha and
beta to the total electron density. The spin charge density localized
in the t* state is shown in Fig. 6, inwhich Zr2 and O10 are the atoms
with the highest spin density. The spin charge density is mainly
located in the 4dz2, 4dyz, and 4dxy orbitals of Zr2 and the O10 2pz
orbital.
The results presented in Fig. 6 and Table 1 indicate that the
triplet state is achieved by a structural distortion. This order-
disorder effect may also be noted in the behavior of PL of CZO,
which is highly sensitive to temperature. This behavior is due to the
appearance of various electronic levels at this temperature, i.e.,
intermediate states that are brewing in the band gap. This fact is
directly related to the redistribution of local density around Zr and
Ca cations that is proportional to the local distortions at both [ZrO6]
and [CaO8] clusters as well as to torsion movements involving
[ZrO6]-[CaO8] frameworks. In this way, different types of defects
can generate intermediate states and directly inﬂuence the band
gap.
The PL analysis shows an intracluster organization (short range
order), but indicates a disorder between the clusters (medium
range order). At medium range the interactions occur by orienta-
tion and are associated with the rotation of the dipole moments
[ZrO6]-[ZrO6], [CaO8]-[CaO8] or [ZrO6]-[CaO8]. At short range the
interactions arise through an induction by permanent dipole
moment of the neighboring cluster [CaO8] or [ZrO6], i.e. polariza-
tion of clusters, and at long range a dispersion from the correlation
between electrons in the vicinity of clusters [ZrO6] or [CaO8] takes
place.
These structural changes are related to theoretical results that
have shown that the process of breaking of symmetry (order/dis-
order) in a structure is a necessary condition for the existence of
energy levels in the forbidden band gap. Therefore, for the present,
it is considered that within the CZO network, structural distortions
emerge between the ½ZrO6)xo " ½ZrO6)xd and/or ½CaO8)xo " ½CaO8)xd (o-
ordered; d-distorted) clusters that allow transfers electronics be-
tween them.
3.4.1. Vibrational analysis
There are 24 Raman-active modes for the orthorhombic struc-
ture of CZO according to Equation (1). However, as noted previously
(Section 3.3) not all of these bands can be observed experimentally.
It is possible that many of the predicted modes are hidden by other
intense bands, which may overlap or involve very low changes in
the polarizability.
In Table 2 the theoretical calculated values are presented and
compared to experimental data at different temperatures. An
analysis of the results shows some discrepancies in a few cases, and
to shed light on them a representation of Raman vibration move-
ments above 370 cm"1 are depicted in Fig. 7a. The Ag mode (at
370.49 cm"1) corresponds to a Zr-O-Ca bending motion between
the clusters, whereas higher values at ~480 cm"1 are associated
with the O-Zr-O bending. A sum of the B1g and Agmodes is obtained
experimentally at ~430 cm"1 that corresponds to the theoretical
modes at 434.82 and 450.96 cm"1, whereas the theoretical B3g
mode at 479.59 cm"1 is not seen in the experiments. An asym-
metric stretching of Zr"O in the [ZrO6] cluster is observed at
~460 cm"1 (B1g), which can be compared to the theoretical mode
obtained at 522.21cm"1. This mode has appeared at 515 cm"1
experimentally in previous works [77,78]. Another asymmetric
stretching of Zr-O in the [ZrO6] cluster is observed at
~540 cm"1 (B2gþ Ag), which is depicted in the lower part of Fig. 7a
and can be compared to theoretical modes obtained at 537.44 and
544.99 cm"1. Three theoretical stretching modes above 700 cm"1
are also obtained, which are not observed experimentally.
The higher stretching modes up to 480 cm"1 are depicted in
Fig. 7b for the t* state, while in Table S1 (of Supporting Information),
Table 2
Raman active modes for s electronic state, compared to experimental data annealing
at different temperatures.
Theoretical Experimental
Mode, ʋ (cm-1) Correcteda ʋ (cm-1) Temperature (!C)
400/600 800 1000
Ag 127.82 120.15 137.90 137.90
B1g 164.69 154.81
B2g 169.64 159.46 171.44 182.97 183.1
Ag 194.41 182.75
B2g 203.30 191.10 203.51 205.69 205.69
B2g 225.97 212.41
B2g 227.59 213.93
B1g 246.54 231.75 225.91 227.56
Ag 280.77 263.92 238.50 255.26 255.26
Ag 296.77 278.96 279.32 279.32
B3g 317.44 298.39
B2g 372.05 349.73
B3g 387.97 364.69
Ag 394.14 370.49 324.91 351.49 351.49
B3g 457.78 430.31
B1g 462.57 434.82 422.29 432.40 432.40
Ag 479.75 450.97
B3g 510.21 479.60
B1g 555.54 522.21
B2g 571.74 537.44 463.02 463.02
Ag 579.78 544.99 522.79 540.29 540.29
B2g 737.33 693.09
B3g 797.02 749.20
B1g 808.01 759.53
a 0.94 ¼ scaling factor.
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the corresponding values for the s* state is also included for com-
parison purposes. In both cases, all themodes present Ag symmetry.
An analysis of the results shows that the transformation from the
fundamental s to s* is produced by a slight distortion of the [ZrO6]
clusters. The orthorhombic form undergoes a displacive transition
to a lower symmetry without bond breaking, which involves the
structural order-disorder effect and can be associated to the Zr-O
asymmetric stretching mode at 544.99 and 544.28 cm"1 for s and
s*, respectively. On the other hand, the transition from s* to t*
excited electronic states can associated to vibrational movements
along 544.28 cm"1 and 541,99 cm"1 for s* and t*, respectively.
However, it is important to note that the pathways to reach both s*
and t* electronic state imply a new spin rearrangement which
supports a structural distortion resulting in new electronic
conﬁgurations.
Optical properties such as PL are strongly dependent upon the
structural and morphological features of the crystal system.
Structural orderedisorder associated effects are a crucial factor in
determining the optical behavior of a material [79,80]. During the
PL process, a symmetry breaking occurs at short order involving
two clusters, i.e., structural distortions associated with the imper-
fect coordination mainly related to the Zr sites. Then, the under-
coordination associated with distorted [ZrO6] and [CaO6þ 2] clus-
ters appear. The electron distribution is useful to predict the
physical properties and it plays an important role in determining
the lattice structure, the DOSs, and the charge density. These
structural and electronic changes can be related to the variation of
polarization between distorted clusters that are capable of popu-
lating stable excited electronic states and hence result in active
vibrational Raman modes. The triplet excited state has a higher
energy than the excited singlet state; although the s* state seems to
be much more likely to occur, the two states would possibly be
reached by irradiation during experimental measurements. Obvi-
ously, the decay process involves more than just two electrons, but
in our model, two electrons per cell were used. In this study, we
associate the experimental results related to characterization
Fig. 7. Theoretical Raman active modes of CZO crystal involving octahderal [ZrO6] cluster: a) singlet fundamental state, s, and b) triplet excited state, t*.
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methods to theoretical results. On this basis, monitoring the energy
and geometry of the singlet and triplet excited states will provide
further insight into the PL mechanism. Furthermore, analyzing the
relationship of these vibrations and geometries offers the oppor-
tunity to interpret the excited states in a new and possibly more
intuitive way, linking electronic excitations with the concept of
vibrational modes as being mainly responsible for PL behavior.
3.4.2. Band structure and density of states
The electron distribution plays an important role in determining
the lattice structure, the DOS, and the charge density. The band
structures plotted along the path G, Y, X, S, Z, T, U, R, and G for the s,
s*, and t* electronic states, are depicted in Fig. 8aec.
The band structure observed in Fig. 8aec reveals a new conﬁg-
uration from spin alpha to spin beta, with a notable reduction of the
energy gap value (from 6.23 eV in s and 6.14 eV in s* to 3.5 eV in t*).
In order to understand the electronic structure of the CZO powders,
the ground- and excited-density of states (DOS) are calculated. The
total DOS and projection on atoms is shown in Fig. 9aec, where the
electronic contributions of the atoms in CZO can be noted in the s,
s*, and t*states, respectively. In addition, the electronic contribu-
tions of the atomic orbitals are presented in Fig. 10aec for the s, s*,
and t* states, respectively.
Analysis of the electronic structure of the s, s*, and t* states
(Figs. 9 and 10) demonstrated that the upper valence band is pre-
dominantly formed by the 2p (px, py, pz) states of all the O atoms in
the cell and the bottom of the conduction band is mainly formed by
the 4d (dxz, dxy, dyz, dz2, dx2-y2) states of the Zr atom. (Fig. 10a and b)
indicates that the s and s* state presents an orthorhombic structure
with the Zr atomic orbitals described as 4dz2, 4dyz, and 4dxywith a
band gap value of 6.23 and 6.14 eV, respectively.
For the t* state, the displacement of the Zr atom causes a slight
distortion of the Zr4-O6, Zr4-O10, and Zr2-O10 bonds (as seen in
Table 1), leading to the creation of localized states and a decrease in
the gap energy. The calculated gap energy for this model alpha-beta
is 3.5 eV.
The DOS in Fig. 10b reveals that these localized states are of 2p
character, arising mainly from the 2p states of the oxygen O1 and
O2, which are loosely connected to the Zr atom. This can be
explained due to the asymmetry generated by the displacement of
Zr along the z-axis.
The aforementioned experimental and theoretical results
strongly indicate that PL is related to the structural short and long
range order in the lattice. X-ray diffraction patterns showed a
progressive structural disorganization of the powders milled for
different times. The PL intensity increases when the powder is
submitted at high temperature and its optical Egap value decreases.
This disorder caused in the system is a favorable condition to
generate an intense and broad PL band. In this context, the results
obtained for the triplet state indicate the existence of energy levels
in the gap region, which decrease the value of the band gap and
enable PL emissions.
3.5. Morphology study
A study of the morphology of CZO in the s and t* states is pre-
sented in Fig. 11a and b, respectively. The variation in the equilib-
rium shapes for these systems using the Wulff construction is a
Fig. 8. Band structure of CZO: a) s, b) s* and c) t* electronic states.
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powerful tool to evaluate the morphology. When the relative sta-
bility of the facets changes (increases or decreases), more than one
type of facet can appear in the resulting morphology, producing
variations. Surface energy values for the studied surfaces of the CZO
system in s and t* are listed in Table 3. An analysis of the theoretical
results indicates that the most stable surfaces in the singlet state
are the (121), (100), (010), (101), (001), (111), and (011) facets, and
the ideal morphology of CZO is controlled by the (121), (100), (101),
(001), and (010) facets (Fig. 11a). In the case of the triplet state, the
thickness of the modeled surfaces have been reduced to the middle
due to the computational cost, and the order of stability is (121),
(101), (001), (100), (001), (111), and (011) facets, and the ideal
morphology is controlled by the (121), (101), (100), and (001) facets
(Fig. 11b).
We proposed the hypothesis that the decrease/increase of the
surface energy in the triplet state with respect to the singlet state is
due to the coordination of the O-Ca and O-Zr atoms, which are
more exposed at the surfaces. Fig. 12 shows a comparison of the
triplet and singlet surfaces studied in this paper, showing the more
exposed metallic clusters for both systems. In addition, the spin
density localized in the triplet surfaces is included. All singlet and
triplet surfaces are Ca-O terminated and [CaO4] or [CaO5] clusters
are obtained for the two conﬁgurations. The main difference is the
change from [CaO5] to [CaO4] in passing from s to t* state for the
(121) and (101) surfaces. In the case of Zr coordination, [ZrO5]
clusters are obtained in both the conﬁgurations, except for (121) in
Fig. 9. Total and projected DOS on atoms for CZO: a) s, b) s* and c) t* electronic states.
M.C. Oliveira et al. / Journal of Alloys and Compounds 722 (2017) 981e995990
214
t* in which Zr is four-coordinated.
A little modiﬁcation in the order of stability between the singlet
and triplet states occurs due to the contributions of different atoms
in each surface of the material. In the triplet state the (121), (101),
(100), and (001) surfaces have similar values of Esurf, which have
strong inﬂuence on the triplet morphology. The (010) surface does
not appear in the ideal triplet morphology since its Esurf value is less
stable than in the singlet system. In addition, the Esurf values for the
(101) and (121) planes are identical, showing a similar percentage
of area in the triplet morphology, compared to the singlet.
It is worth noting that the (101) slab cut is produced along the
shortest distance between the oxygen and zirconium (1.995 Å) and
also along the greater distance of the O-Zr and O-Ca bond distances
of 2.294 and 2.998 Å, respectively. The analysis of these results
shows that the present equilibrium morphology is consistent with
the atomic conﬁgurations and the local coordination of atoms for
each surface.
The ground-state properties of solid materials are of obvious
importance for establishing their structure, stability, and pro-
cessing. However, the description of processes such as PL emis-
sions requires a detailed characterization of the electronic excited
states properties. Elucidating their properties from ﬁrst principles,
on the basis of the constituent atoms and the laws of quantum
mechanics, has long been a goal of theoretical and computational
materials chemistry [81,82]. A note of caution is mandatory here,
on this methodological aspect. While the hybrid methods show
good results for ground state properties, their performance for
excited states is less satisfactory [83]. Electronic excited-state
calculations for periodic systems are challenges in quantum
chemistry because it is still very difﬁcult to apply thesemethods to
large/very large systems due to the steep scaling in the number of
electrons. In the present work, the excited states have been
Fig. 10. DOS projected on orbitals CZO: a) s b) s*and c) t* electronic states.
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localized and characterized at the DFT calculation level. This is a
strong constraint and from the computational point of view, and
represents a technical problem, since to obtain more accurate
geometries and electronic properties of the excited states, it is
necessary to use more sophisticated and demanding quantum
calculations, such as multiconﬁguration-based methods or by
using the many-body perturbation theory. In this contribution, we
do not aim at providing an exact application of DFT calculation, but
rather to give a ﬂavor of today possibilities. Methodological de-
velopments are mandatory in this context, along with new ap-
proaches, to calculate accurately values of band gaps and charge
transfer excitations.
Fig. 11. Morphologies of CZO: a) s and b) t*electronic states.
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4. Conclusions
Modern physics relies heavily on the concepts of classical solid
state physics with its emphasis on ideal inﬁnite crystals and perfect
symmetries. Real materials are not perfect crystals; they contain a
number of defects and lattice imperfections, which are responsible
for the properties of the materials. Therefore, in some cases, the
reliability of a physical model rather than the precision of mathe-
matical equations should be emphasized if one needs to investigate
real materials. In this context, theoretical characterization of the
geometrical and electronic structures of ground and excited elec-
tronic states can complement experiments inherently limited by
equipment accuracy. A theoretical framework to interpret PL
emissions, based on the localization and characterization of the
nature for the ground, s, and excited (singlet, s*, and triplet, t*)
electronic states, using ideal and distorted periodic supercell
models of CZO, has been developed. Their corresponding geome-
tries, electronic structures, and vibrational frequencies were
obtained.
Table 3
Surface energy and band gap values for the (121), (100), (010), (101), (001), (111) and
(011) surfaces of CZO crystals.
Surface s t*
Esuf (J/m2) Area (Å) Egap (eV) Esuf (J/m2) Area (Å) Egap (eV)
(121) 1.25 91.13 6.61 1.13 93.28 4.21
(100) 1.26 44.21 6.41 1.19 47.66 4.53
(010) 1.28 32.23 5.62 1.59 33.15 4.66
(101) 1.39 64.41 6.39 1.13 66.00 4.95
(001) 1.37 44.87 6.28 1.17 46.27 4.61
(111) 1.52 72.03 5.64 1.33 73.68 4.75
(011) 1.99 55.25 5.69 1.72 56.73 4.07
Fig. 12. A schematic representation for the surfaces of t* state of CZO where the spin density (in yellow) is depicted. The most external clusters for t* and s and s* states are
indicated. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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In this work, CaZrO3 powders were prepared by the polymeric
precursor method. Their structural and electronic properties have
been studied previously [75], while the PL properties of crystalline
CZO were investigated herein. The techniques of X-ray diffraction
(XRD), Raman spectra, and PL spectroscopy at room temperature
were used for characterization. XRD patterns indicated a pure
orthorhombic perovskite phase of CaZrO3 at annealing tempera-
tures of 400, 600, 800, and 1000 !C. Raman spectra and XRD pat-
terns reported long- and short-range order at 1000 !C.
First principle calculations reveal that the intensity of PL emis-
sions is attributed to structural order-disorder effects related to the
polyhedral distortion, i.e. the modiﬁcation of geometric and elec-
tronic structure of both [ZrO6] and [CaO8] clusters in the electron-
ically excited states, generating electronic levels located between
the valence and conduction bands, which are basically composed of
O 2p orbitals (valence band) and Zr 4d orbitals (conduction band).
The band structures and the density of states revealed energy gap
values of 6.23, 6.14, and 3.50 eV for the s, s* and t* electronic states,
with the process of breaking of symmetry being a necessary con-
dition for the existence of energy levels in the forbidden region of
the band gap. The structural order-disorder effect on the coordi-
nation of [ZrO6] and [CaO8] clusters is demonstrated by theoretical
calculations, as well as the shallow defect states found in the
morphologies, where the local coordination of exposed atoms for
each surface can be related to the order of surface energy stability. A
little modiﬁcation in the order of stability of surfaces occurs be-
tween the singlet and triplet states, generating differences in their
corresponding morphologies.
To conclude, in this study, we present a general description of
excited electronic states of CZO, thereby shedding light on the
complex interplay between structural order-disorder effects and PL
emissions, which is a challenging ﬁeld of study both experimentally
and intellectually. This technique can be used to extract chemical
shifts for the structural characterization of excited states and to
elucidate complex excited states. Finally, we need to recognize that
present DFT calculations show limitations inherent in current
exchange-correlation functional.
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Abstract  
In this study, we present a combined experimental and theoretical study to investigate the geometry, 
electronic structure, morphology, photoluminescence properties of CaZrO3:Eu
3+ material. The polymeric 
precursor method has been employed to synthetize these crystals, while density functional theory 
calculations have been performed to obtain the geometry and electronic properties of CaZrO3:Eu
3+ at 
fundamental and excited electronic states (singlet and triplet). We combine these results with the 
measurements of X-ray diffraction (XRD) to clarify the local structural changes provoked by the 
introduction of Eu3+ at the crystal lattice. This process induces the creation of intermediary levels in the 
band-gap region narrowing the Egap value. The PL emissions have been rationalized by characterizing the 
electronic structure of excited singlet and triplet electronic states, allowing a deep insight into the main 
fingerprints that can be associated to the structural end electronic features of the [CaO8], [EuO8] and 
[ZrO6] clusters. Wulff construction, obtained from first principle calculations, allows us to match the 
experimental morphologies. These results expand the fundamental understanding of atomic processes 
that underpins the Eu doping.  
 
1. Introduction 
Photoluminescence (PL) materials have attracted a large 
scientific attention due to the technological applications 
mainly in the electronic industry, such as energy efficient 
lighting, laser, medical imaging devices, spectroscopy and 
other. In general, when such materials are excited by 
photons or ionizing radiation can emit light in visible, 
ultraviolet (UV) and infrared (IR) regions.[1-3] The 
fundamental mechanism associated with this process 
involves the trapping of excited electrons and holes in 
activators - which are impurities sites that generates 
intermediate states within band gap - and the electron-hole 
pair recombination that results in the photo-emission. In this 
sense, the structural and electronic properties exhibit a new 
equilibrium showing as order-disorder effects change 
attractive and repulsive forces inside of solid through 
chemical bond.[4] In this field, perovskite materials, with 
ABO3 formula, are promising candidates due to the structural 
versatility, stability and are widely used for the electronic 
industry because of the capability of display a large number 
of physical and chemical properties depending of metal 
occupancies in A and B-sites. [5, 6] The ideal perovskite 
structure has a cubic symmetry (Pm3m space group).[7, 8] 
However, the existence of local structural disorders at the A- 
and B-site enables a large number of polymorphs, with 
tetragonal, orthorhombic, rhombohedral symmetry and 
other.  Therefore, the intriguing properties associated with 
the perovskite materials are commonly reported from 
distorted [BO6] clusters through cation displacement, 
octahedral rotations, doping and tilting.[6, 9]  
Calcium zirconate, CaZrO3 (CZO), is a representative 
member of the perovskite family that has received a lot of 
attention due to its exceptional dielectric, catalytic and PL 
properties with applications in diverse areas of science and 
technology such as hydrogen sensors, luminescence hosts, 
capacitors, catalysis, and so on.[10-15] At room temperature, 
CZO crystallizes in the orthorhombic structure (Pnma space 
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group), where Ca2+ cations occupies the center of 8-fold 
clusters [CaO8], while Zr
4+ exhibits a three dimensional 
sublattice of corner-connected [ZrO6] octahedra. In addition, 
all octahedral sites are slightly tilted with respect to their 
position in the ideal cubic perovskite structure due to the 
mismatch of the alkaline earth ions in the A-site cluster of 
the crystal structure.[13, 16] 
 In the past years, the inclusion of impurity elements 
through the doping process has attracted interest due to the 
possibility to enhance the intensity of the PL emissions as 
well as to control the photo-generation process. In this 
context, earth-rare cations show a singular mechanism 
related to the conversion from low energy near infrared into 
visible photon with high energy known as up-conversion.[17] 
Therefore, several earth-rare doped perovskites have been 
synthesized by various methods, showing superior PL 
emission and other interesting properties. Especially for CZO, 
different authors report successful applications of Eu3+, Tm3+, 
Dy3+, Yb3+, and Er3+ cations to increase the PL properties.[12, 
16-22] Shimizu et. al report the synthesis of Tb-Mg codoped 
CZO particles with increased luminescence intensity 
attributed to the local lattice distortion resulting from the 
doping process.[18] In addition, Shimizu et. al reports the 
synthesis of Tb-Mg codoped CZO particles with increased 
luminescence intensity attributed to the local lattice 
distortion resulting from the doping.[23] Maurya et. al used 
solid-state reactions to synthetize Ho-Yb codoped CZO 
nanoparticles with enhanced up-conversion for green light, 
showing an interesting potential for optical applications.[21] 
Furthermore, many experimental studies reports the 
synthesis of Eu-doped CZO samples using different 
techniques. Sheetal et. al used sol-gel combustion method to 
obtain CZO-Eu particles with remarkable red 
luminescence.[22] Katyayan and Agrawal used conventional 
solid state reactions to obtain Tb-Eu codoped CZO particles 
with high-order intensity and variable emissions that 
confirms the color tenability with the doping.[20] On the 
other hand, Singh et. al have been prepared Er-Yb codoped 
CZO compounds by the urea combustion route, obtaining 
strong energy transfer upconversion emission in the green 
and red spectral regions.[19] Despite the large number of 
experimental studies for Eu-doped CZO materials, the 
chemical and physical mechanisms associated with the 
superior PL emission remains unclear. 
From the theoretical viewpoint, the investigation of PL 
emissions is a challenging topic because requires the 
understanding of excited states related to the optical 
phenomena.[1, 24] In our previous work, we present a novel 
and successful approach, which enables us to explore both 
ground (singlet) and excited states (excited singlet and 
triplet) connecting to the experimental PL spectra obtained 
for CZO nanoparticles.[25] This approach was also 
successfully applied by our group to investigate the 
mechanism of PL emissions in SrTiO3, SrTiO3:Sm, CaWO4, 
BaZrO3, and BaZr1-xHfxO3 solid solutions based on the 
characterization of excited electronic states.[26-31] 
In the present work the focus is the PL mechanism and its 
relationship with the presence of excited electronic states in 
Eu-doped CZO crystals combining theoretical and 
experimental efforts. The main novelty of the present work 
relies on the description of structural and electronic order-
disorder effects associated with the Eu doping on the CZO 
matrix in order to rationalize the PL emissions. 
 
2. Experimental procedures and computational 
details 
2.1. Synthesis and characterization 
Pure CZO [32] and europium-doped calcium zirconate 
(CZO:Eu3+) powders were prepared by the polymeric 
precursor method (PPM). CZO:Eu3+ powder was synthesized 
using calcium chloride dihydrate (CaCl2.2H2O) (99%, Synth), 
zirconium oxychloride (IV) octahydrate (ZrOCl2.8H2O) (99,5%, 
Sigma-Aldrich), europium oxide (Eu2O3) (99% Sigma-Aldrich), 
ethylene glycol, (C2H6O2) (99.9%, J.T. Baker) and citric acid 
monohydrate (C6H8O7.H2O) (99.5%, J.T.Baker). 
Zirconium citrate was formed by ZrOCl2.8H2O dissolution 
in a citric acid aqueous solution under constant stirring. The 
citrate solution was stirred at 60°C to obtain a clear 
homogeneous solution, CaCl2.2H2O was added in 1:1 molar 
of calcium and zirconium and 1:6 molar of citric acid in 
relation to the sum of molar of the metals used. The doping 
by the Eu3+ ion was fixed in 10% molar of the Eu2O3 (prepared 
though the dissolution of Eu2O3 in concentrated HCl) added 
in a stoichiometric quantity to Ca2+ ions and the Zr citrate 
solution. After solution homogenization, C2H6O2 was added 
to promote a polyesterification reaction using an 
acid/ethylene glycol ratio fixed at 60/40 in mass. The CZO 
pure resin was prepared previously and powders were heat 
treated initially at 400°C for 4h and then were annealed at 
900°C for 2h. The crystalline profiles were indexed and 
matched with JCPDS card No. 35-0790 showing an 
orthorhombic phase associated to Pcnm space group for 
pure and Eu3+ (10 mol%). 
Pure and doped CZO powders were characterized by X-
ray Diffraction (XRD) technique in a Rigaku Dmax 2500PC 
diffractometer using Cu Kα (λ= 1.5406 Å) radiation. Data 
were collected from 10° to 90° in a 2θ with a 0.5° divergence 
slit and a 0.3 mm receiving slit using fixed-time mode with a 
0.02º step size and 1s/point.  PL spectra were collected with 
a Thermal Jarrel-Ash Monospec 27 monochromator and a 
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Hamamatsu R446 photomultiplier. The 350.7 nm exciting 
wavelength from krypton ion laser (Coherent Innova) was 
used; the nominal output power of the laser was maintained 
at 200 mW. The microstructural characterization was 
performed by field emission gun-scanning electron 
microscopy (FEG-SEM) using Zeiss Supra™ 5 equipment. UV–
vis absorption spectra of the annealed samples were taken 
using total diffuse reflectance mode in a Cary 5G equipment. 
All measurements were performed at room temperature. 
 
2.2. Computational details 
First-principles calculations within the periodic DFT 
framework and hybrid B3LYP exchange-correlation 
functional using the CRYSTAL14 program [33], [34], [35] have 
been performed to characterize the pure CZO and doped 
CZO:Eu3+ systems. The atomic centers were described by all-
electron basis sets for the Ca [36], Zr [37] and O [38] and ECP 
pseudopotential with 11 valence electrons described by 
(5s5p4d)/[3s3p3d] (VTZ quality) basis sets for trivalent Eu 
atom [39]. The f-in-core approximation postulates for 4f shell 
in Eu3+ are incorporated into the pseudopotential. Thus, one 
does not need an explicit treatment of the open 4f shell, 
which is a computational advantage. 
Regarding the density matrix diagonalization, the 
reciprocal space net was described by a shrinking factor set 
to 4, corresponding to 36k points in accordance with the 
Monkhorst–Pack method [40]. The accuracy to evaluate the 
Coulomb and Exchange series was controlled by 5 
thresholds, for which adopted values were 10-8, 10-8, 10-8, 10-
8 and 10-16. In this work, a orthorhombic supercell of 79 
atoms which corresponds to 2x1x2 conventional cell was 
used to simulate the CZO:Eu3+(12.5%) doping, where two 
Ca2+ ions were replaced by two Eu3+ ions summed to the 
creation of one calcium vacancy (VCa
••), in order to neutralize 
the unit cell (Eq. 1).  
 
CaZrO3 +  Eu(III)   →   Ca0.8125 Eu0.125ZrO3   (+ 0.0625VCa
••)       (1) 
 
In addition, the surface energy (Esurf) for (001), (121), 
(100), (011), (201), (111) and (101) cleavage planes are 
calculated using Wulff construction[41]. The Visualization for 
Electronic and Structural Analysis (VESTA) program (version 
3.1.8 for Windows) [42] was used for the Wulff construction 
as well as in the visualization of the morphological mapping 
of CZO:Eu3+ crystals. 
In order to understand the PL mechanism associated with 
CZO:Eu3+(12.5%) material, excited states calculations were 
carried out considering the existence of both excited singlet 
(s*) and triplet states (t*) from singlet ground state (s). In 
this case, the t* model state was reproduced fixing the 
difference between spin up (α) and spin down (β) (nα - nβ = 2) 
along the SCF calculations. The electronic structure was 
investigated from band structure, density of states (DOS) and 
spin density isosurfaces. 
In this study, it is important to point out that the Eu3+ 
doping in the CZO matrix was computed by single-point 
calculations for both bulk and slab models, considering the 
optimized cell for ordered and disordered models of CZO 
reported in our previous work, [25] enabling the treatment 
of the main electronic features associated with the doping 
and the optical properties. 
3. Results and discussion 
3.1. X-Ray diffraction analysis  
Fig. 1a-b show the XRD patterns of pure and Eu3+ (10 
mol%) doped CZO crystals. The as-synthetized samples show 
pure single orthorhombic phase (a=5.591Å, b=8.017Å, 
c=5.761Å) showing the Pcnm space group, according with 
the Inorganic Crystal Structure Database number 97464 [43]. 
Both samples showed definite peaks, presenting a high 
degree of crystallinity and without any secondary phases. 
 
(a) 
(b) 
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Figure 1. XRD patterns for (a) pure CZO sample with plans 
indexed and Eu3+ doped (10%) samples. (b) Displacement for 
left shift of the (200), (121) and (002) peaks. 
 
In both crystals, a strongest peak around 2θ=31.60 
corresponds to the (121) crystalline plane; however, the 
doping from Eu3+ cations alters the lattice parameters due to 
the difference in the electronic density in relation to Ca2+ 
ions and the insertion of structural defects, with the 
formation of clusters of [EuO8] and VCa
••, which can be seen 
from the amplification of the strongest diffraction peak 
(Fig.1b) [44]. This statement is a strong indication of the 
success substitution of Ca2+ by Eu3+ in the A site (AZrO3) of 
the CZO  [45]. In the syntheses it maintained the load 
balance, generating vacancies of calcium. In this way, the 
crystal is structured with vacancies of calcium, which has p-
type semiconductor properties and there is a relaxation of 
the crystalline lattice.   
PPM have been carried out on various papers such as  
LnMn0.5Fe0.5O3 ( Ln=La, Pr, Nd, Sm and Gd) [46], 
CaxBi(1−x)FeO3 (x = 0.0, 0.1, 0.2, 0.30) [47], 
 Ca0.98Er0.01Yb0.01TiO3 [48], SrZrO3  and SrTiO3 [49], SrSn1−xTixO3 
[50]. 
 
 
3.2 .  Optical properties 
In molecular systems is well known that optical 
properties are intrinsically connected with excite electronic 
states, such as, s* and t* states. However, the solid-state 
theory is based on electron-hole pair generation to 
understand as electrical as optical phenomena. Here, we 
present optical experimental evidences for CZO and CZO:Eu3+ 
materials to motivate a new and deeper interpretation for 
optical effects in solid state. 
In previous works we have shown that origin of Egap 
reduction from defects in crystalline structures is associated 
to intermediary electronic levels introduced into Egap [51], 
[52] [53], [54], [55], [56]. Such mechanism has been 
improved a lot with description from s* and t* states. For us, 
such electronic-states are the quantum evidence of the 
electron-hole pair generation of solid state theory. Then, the 
interpretation of the Fig. 2a and Fig. 2b follow our previous 
reports.  
The addition of the Eu3+ doping causes great change in 
the Egap of the CZO from intermediary electronic levels, which 
can be investigated more deeply from s* and t* states. 
Experimental results (Fig. 2) show a decrease from 5.60 eV to 
3.82 eV for CZO and CZO:Eu3+, respectively. This reduction of 
1.77 eV on optical property is very emphasized and it is 
associated with high density of defects introduced by 
substitution of Ca2+ cations by Eu3+ cations. [57]. 
 
 
Figure 2. UV–vis absorption spectrum. (a) CZO and (b) 
CZO:Eu3+ doped (10%). 
 
PL spectra can be used as signature of how optical 
property can be change by the doping process of Eu3+. The 
direct modification of a luminescence profile is a good and 
fast result to determine changes of the electronic excitations 
and, consequently, alterations on electronic energy levels. 
Then, it is important to connect the PL spectra with energy 
level diagram to identify the nature of the photoemission.  PL 
spectra of pure CZO presents a large band, which represent 
the density of defects, while in the doped CZO:Eu3+ systems, 
there is VCa
•• and the spectra is dominated by the [EuO8] 
cluster in the crystalline network.  The electronic states 
involved in the luminescence process were obtained from 
energy level diagram indicating transition probabilities for 
Eu3+ ions. Electronic transitions associated to 
5D0→
7Fj(j=0,1,2,3,4,5) emission peaks occur between 570 and 720 
nm (Fig.3).  
 
(a) (b) 
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Figure 3. Photoluminescence spectra of CZO pure and 
CZO:Eu3+ (10 mol%). 
 
 In particular, the 5D0/
7F2 transition is allowed; however, 
the electric dipole mechanism is significantly influenced by 
crystalline field (hypersensitive transition), while the 
magnetic dipole mechanism is less altered by crystalline 
field. Therefore, this transition can be considered as 
reference for all transitions occurring in the system [58], 
[59], [60]. Thus, the peak area ratio between 5D0/
7F2 and 
5D0/
7F1 transitions provides valuable information regarding 
changes to the surrounding environment occupied by the 
Eu3+ ions and is useful as a tool to show the distortion degree 
in A site, which provides an asymmetry in the electronic 
distribution  and facilitates the charge transfer process  [61], 
[57], [45]. For the sample of CZO:Eu3+, we obtain the value of 
the ratio of 5D0-
7F2/
5D0-
7F1 of 5.14. For similar systems such as 
CaTiO3 doped with Eu
3+, the values of the ration between D/F 
electronic transitions were obtained between 2 and 4 with 
lower values associated with higher symmetry of the Eu3+ 
site [45] Applying the same analysis for our CZO:Eu3+ 
samples, we obtain the value of the ratio among 5D0-
7F2/
5D0-
7F1 of 5.14. Thus, for CZO:Eu
3+, the Ca2+ and Eu3+ ions were 
located in a site of low symmetry or more disordered. 
 
3.3. Theoretical study 
In this section, we present theoretical results to a new 
interpretation of optical property in solid state. To reach 
such goal we connect electron-hole pair generation to 
excited electronic states, a quantum model never before 
presented. 
The orthorhombic structure for CZO in terms of constituent 
clusters is displayed in Fig. 4(a-c) illustrating the substitution 
of Eu3+ in the [CaO8] cuboctahedral sites while, [ZrO6] sites 
remain unchanged as octahedral sites. The replacement of 
Eu3+ generates VCa
•• in the host matrix in order to neutralize 
the unit cell (Eq. 1). Regarding the cation replacement and 
the vacancy formation mechanism associated to the doping 
process, the crystalline structure of CZO:Eu3+ should exhibit a 
new equilibrium between attractive and repulsive 
interactions of solid through chemical bond, resulting in a 
singular electronic structure compared to pure CZO, which 
can contribute for interesting electronic properties.  
 
VCa2+
Instead of
Eu3+                       Ca2+
 
Figure 4. CZO crystalline structure represented by polyhedral 
clusters. (a) [ZrO6] and [CaO8] clusters in blue and green 
colors, respectively. (b) Orthorhombic unit cell of the pure 
CZO and (c) Eu3+ doped. 
3.3.1. Electronic structure 
The precise control of several photo-assisted properties 
(photoluminescence, photocatalysis, photodegradation and 
others are often related to electronic structure engineering, 
where different kinds of mechanisms (doping, vacancies, 
structural distortions, etc.) are enabled to redistribute the 
electronic density, mainly close of the Egap region. Charge- 
and -spin resolved analysis are important tools to rationalize 
the electronic structure of solid-state materials.  Therefore, 
DOS, band structure profiles area calculated (Fig. 5a-b). 
Considering photo-induced properties are important to take 
account the existence of excited-states in order to fulfill the 
nature of electron-hole pair generation, as well as its 
recombination process. In this study, excited singlet (s*) and 
triplet-states (t*) were investigated combining the 
aforementioned analysis in order to clarify the PL emissions 
of CZO:Eu3+, in a similar way to our previous work for pure 
CZO.[25]. 
 
 
 
(a) 
(b) (c) 
(b) 
(a) 
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Figure 5. Electronic structure for CZO:Eu (12.5%) in triplet 
state. (a) Band structures and (b) projected DOS on atomic 
levels of CZO:Eu3+ (12.5%) model.  
The experimental values shown in Fig. 2 for Egap are in the 
range of 5.60 eV (pure) and 3.82 eV (CZO:Eu3+). Our DFT 
calculations for pure CZO [25] have indicated an Egap of 6.23 
eV in agreement with experimental results. In addition, s, s* 
(Figure S1) and t* (Fig. 5) calculations for CZO:Eu3+(12.5%)  
show Egap values of 5.09, 4.90 and 3.88 eV, respectively; 
then, the main electronic structure associated to UV-vis 
results (Fig. 2) is the t*. An analysis of the projected DOS for 
the t* model (Fig. 5) presented uppermost levels on valence 
band (VB) consisting mainly of O atoms, while the 
conduction band (CB) is formed mainly by Zr and Eu atoms 
with a small contribution of Ca atoms, as same as s and s* 
(Figure S1). In addition, it was observed that the 
degenerated band for both valence band maximum (VBM) 
and conduction band minimum (CBM) is sensitive to the s* 
and t* electronic states creating an excitation mechanism to 
clarify from quantum chemistry the electron-hole pair. 
Indeed, the comparison between the DOS profiles for s and 
s* (Figure S1) indicates that the bands located between in 
the VBM and CBM for s were displaced to a high-energy 
region for s*. Further, the transition for the t* perturbs both 
levels evidencing a band separation in both VB and CB. This 
fact can be attributed to the existence of non-degenerated 
energy levels for excited s* and t* states, which are 
controlled by the spin multiplicity. 
The spin-density analyses are helpful to describe the 
nature and the localization of the electron-hole pair 
originated from electronic excitation. It is important to point 
out that such spin density distribution (in electron/bohr3) 
was calculated using a regular 3D grid of points, enabling the 
analysis of the spin-resolved density matrix through the 
difference between alpha- and beta-spin occupations. 
Thereby, spin density difference maps provide a pictorial 
representation of the unpaired electron density. In this case, 
our spin-density distribution for t* state was pictured spin 
density distribution for CZO:Eu3+, as depicted in Fig. 6. The 
spin density distribution indicates a major localization of spin 
density on the Zr and O atoms with a minor content on the 
Eu atoms. Furthermore, largest spin populations were found 
closer to [EuO8] clusters, suggesting that the doping process 
induced a local disorder on the electronic density 
distribution because of oxygen-mediated interaction 
between Eu- and Zr-centered clusters, [EuO8] and [ZrO6], 
respectively. 
 
Figure 6. A schematic representation for spin density 
isosurfaces (in yellow) calculated for bulk and surface models 
of CZO:Eu3+ (12.5%) in triplet state (t*). 
 
The Eu3+ doping mechanism in pure CZO is supported by 
the presence of VCa
•• in order to counter-balance the charge 
and neutralize the unit cell (Eq. 1), as previously discussed. 
Regarding this, [ZrO6] clusters located near to VCa
•• plays a 
key role on the stabilization of the t* state. A possible 
assumption for this result is the charge/spin density 
reorganization on the neighboring clusters, increasing the 
electron density population along the oxygen-mediated 
interaction [EuO8]-[ZrO6]. In contrast, CZO:Eu
3+ exhibits the 
contribution of both [AO8] (A = Ca, Eu) and [ZrO6] clusters in 
the spin population. 
From now, the spin distributions calculated for five 
surfaces of CZO:Eu3+ were discussed considering the 
undercoordinated clusters summed and  the presence of 
impurity centers (Eu3+ and VCa
••). At general, a similar pattern 
of spin density distribution was observed for all investigated 
surfaces, in agreement with the results obtained for the bulk. 
The results presented in Fig. 6 indicate that the exposed 
surfaces are formed by [ZrO]n (n = 3-5) clusters exhibiting a 
largest spin density population, while [EuO]n (n = 4-6) 
clusters show a minor contribution for the t* state 
stabilization. Therefore, similar to bulk, the perturbation of 
electronic density is associated to the oxygen-mediated 
[EuO8]-[ZrO6] interaction and consequently to electron-hole 
pair generation on surfaces. 
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As expected for surface models, the dangling bond effect 
is strong on the electronic structure of CZO:Eu3+ material. The 
procedure to generate surface models from cutting bulk 
structure induces spontaneously to generation of oxygen 
vacancies, resulting in undercoordinated clusters. In this 
way, the symmetry broken process at the constituent 
clusters raises a local environment on surface and 
consequently intermediary energy levels are created in the 
Egap region. This new intermediary energy levels have high 
energy because are formed from uncoupling of degenerated 
orbitals and they act as trapping of excited electrons. Indeed, 
the unpaired spin density exhibited in Fig. 6 is majorly 
localized on undercoordinated clusters of the surface 
exposed indicating that the electron-hole pair generation is 
assisted by an electronic migration process from bulk to 
surface. In this point of view, our results suggest that 
surfaces of CZO:Eu3+ can be actives as a photocatalytic 
semiconductor, where the excited states has possibility to 
produce radical species from the adsorption of O2 and H2O 
molecules on the undercoordinated clusters Then, the 
doping process from Eu3+ cations causes a new spin density 
distribution, which can now be trapped in both empty Zr (4d) 
and Eu (4f) orbitals, once this spin density is located on the 
oxygen-mediated [EuO8]-[ZrO6] interaction. 
In order to clarify the effect of Eu3+ cations on the PL 
emissions of CZO, we propose a general scheme combining 
the results for DOS, Band Structure and spin density for s, s* 
and t* states, as presented in Fig. 7. Initially, the Eu3+ doping 
process induces the creation of VCa
•• that perturbs the VB 
energy levels, as well as the insertion of 4f orbitals in CBM, i. 
e. intermediary energy levels are introduced in the Egap 
region, narrowing the required energy for electron transfer 
(Fig. 7a). The next step correspond to photo-induction of 
electron transfer from VB to CB, generating an electron-hole 
pair inside the CZO:Eu3+ electronic structure (Fig. 7b). This 
step is crucial because it shows a new interpretation for 
optical property in material science. We connect the excited-
states theory with electron-hole pair indicating a view more 
deep for optical effects in solid-state theory. This new 
approach has been evidenced from previous manuscripts 
and again verified in the present work [62].  The propose of 
connection between excite-states and optical property is 
very proved in molecular quantum approach; however, our 
quantum evidence for dangling bonds generate trapping 
levels for electrons localizing spin density is really new. Such 
quantum modeling level is a great scientific contribution. In 
particular, the contribution of both empty Zr (4d) and Eu (4f) 
states in the CBM enables a charge competition between 
these metallic centers. At last, the photoluminescent effect 
occurs from electron declining, which is more intense in 
CZO:Eu than CZO. 
 
 
 
Figure 7. Scheme to represent (a) the electronic structure for 
both pure and Eu-doped CZO material; (b) photo-induced 
electron transfer mechanism describing the singlet to triplet 
state excitation, as well as the electron decaiment related to 
the light emission. 
 
3.4. Morphology study 
The field emission scanning electron microscopy (FE-SEM) 
technique is very important in our work because analysis of 
powder surface morphology, since XRD is insufficient to 
characterize minor structural modifications and to draw 
meaningful correlations between PL response and structural 
changes in the sample. Then, the Fig. 8 reports FE-SEM 
images of the CZO and CZO:Eu3+ powders showing 
agglomerates with complex morphology and a big number of 
crystalline faces. This soft-agglomerated powder morphology 
is a common product of polymeric precursor synthesis, with 
temperature rising, the release of gas in progressing 
carbothermal reaction results in the formation of pores with 
different sizes; then, the same gradually is organized by 
reducing the density of defects, transformed from 
amorphous, semicrystalline, to crystalline with low defect 
density, enabling the construction only of theoretical 
morphological maps. This fact is proven by its low 
luminescent broadband of pure CZO. On the other hand, the 
doped CZO shows well defined spectrum of 
europium, characteristic of the effect of the crystallinity of 
the material, i.e. effect of the crystalline field. 
 
 
 
Figure 8. FE-SEM micrographs. (a) pure CZO and (b) CZO:Eu3+ 
(10%). 
 
(b) (a) 
(b) (a) 
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 To clarify the influence of the defects caused by Eu3+ 
dopants on various crystalline facets, we pursued a 
theoretical model using Wulff construction [63] according to 
others works obtained by our group [25], [64], [65, 66], [67]. 
Thus, a Wulff construction for ideal structure of CZO:Eu3+ in 
s* and t* states were investigated. In addition, we show in 
Fig. 9 from surface thermodynamics and excite-states an 
approach to predict and assess the morphology 
transformation of the crystals to get their shape-controlled. 
 
 
 
 
Figure 9. Morphology modulations (a) s and (b) t* for 
CZO:Eu3+ (12.5%) surfaces. 
 
An analysis of Fig. 9 shows that the ideal morphology for 
CZO:Eu3+ s* and t* states is controlled by (111), (001), (011) 
and (100) surfaces as presented in Fig. 9a-b, respectively. 
However, ideal morphology for both systems is different, i.e. 
61.03% contribution of (111), 29.04% of (001), 8.07% of 
(100) and 1.86% of (011) surfaces are observed for s* state; 
while 45.63% of (111), 23.08% of (100), 19.76% of (001) and 
11.53% of (011) are found for t* state. Then, we can 
attribute that change of morphology is associated with an 
alteration of the stability order between s* and t* states. The 
Esurf values follow the order of stability (111) > (001) > (011) > 
(100) > (121) in s*; whereas the order of stability (111) > 
(100) > (011) > (001) > (121) was noted for t*. Moreover, it 
was noted that the (121) surface correspond to the most 
unstable surface plane for CZO:Eu3+ material, evidencing an 
inversion of stability order in comparison to the pure CZO, 
where (121) is the plane with the lowest Esurf [25]. This 
observation in complement to the displacement observed 
for (121) from X-ray analysis performed for both samples 
(Fig. 1) suggest that the Eu-doping induces disorder in the 
crystalline structure of CZO, mainly in (121) plane. 
 
Conclusions 
CZO:Eu3+ material was successfully synthesized using the 
polymeric precursor method. XRD analysis revealed a good 
crystallinity and single phase of the samples. Combining as 
experimental techniques as first-principles calculations was 
observed a reduction in Egap promoted by the introduction of 
Eu3+ cations and creation of calcium vacancy in the CZO. In 
addition, theoretical calculations based on excited electronic 
states were employed to interpret photoluminescent 
emissions in CZO:Eu3+ samples. FEG-SEM images revealed 
that both pure and Eu-doped CZO3 materials exhibit similar 
morphology, indicating less change on shape of CZO 
particles. From theoretical point of view, faceted 
morphologies calculated from Wulff construction using 
(111), (100), (011), (001), (201), (101) and (121) cleavage 
planes on the CZO:Eu3+ crystal was very important to clarify 
the surface energy on complex morphologies obtained 
experimentally. 
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Título: Morfologia e propriedades estruturais de óxidos 
metálicos complexos: Um enfoque teórico e experimental. 
 
Esta tese doutoral pôde ser realizada devido a concessão de uma bolsa 
do Programa Santiago Grisolía da Generalitat Valenciana de 01/09/2015 a 
01/09/2018 e por poder ter acesso aos computadores de cálculo científico do 
Serviço de Informática da Universitat Jaume I (UJI), onde a maioria dos 
cálculos foram realizados. 
A pesquisa apresentada aqui abrange uma linha de pesquisa que vem 
sendo realizada em colaboração entre o grupo de Química Teórica e 
Computacional da UJI e o centro de desenvolvimento de materiais funcionais 
(CDMF) da Universidade Federal de São Carlos (UFSCar) há quase 30 anos. 
Esta colaboração baseia-se no seguinte pilar "Os avanços na modelagem e 
simulação computacional, baseados na aplicação dos métodos e técnicas da 
química teórica e computacional, que são estabelecidos como um 
componente fundamental em pesquisas orientadas e aplicadas em áreas 
como: desenho racional de sólidos e nano(materiais) com propriedades 
químicas e físicas inovadoras". 
Esta tese doutoral é um trabalho teórico e experimental sobre óxidos 
inorgânicos complexos da família dos molibdatos (BaMoO4, CaMoO4 e 
ZnMoO4), tungstatos (BaWO4) e perovisquitas (CaZrO3). A síntese e 
caracterização dos materiais  BaMoO4, BaWO4, soluções sólidas BaW1-
xMoxO4 (x=0.25, 0.5, 0.75),  CaZrO3 e CaZrO3:Eu
3+ 
se realizaram no CDMF 
da UFSCar e
 
os materiais
 
CaMoO4, ZnMoO4 e ZnMoO4:Eu
3+ 
 no laboratório 
de síntese química e de materiais (LSQM) da Universidade Federal do Rio 
Grande do Norte (UFRN), enquanto o estudo teórico se realizou no 
laboratório de química teórica e computacional (LQTC) da UJI. Em 
particular, o aspecto fundamental tratado é a morfologia, por uma parte temos 
desenvolvido uma metodologia teórica que nos permite utilizar a construção 
de Wulff e obter todas as morfologias acessíveis de um determinado material 
e poder comparar-las com as imagens experimentais que se obtém mediante a 
microscopia eletrônica.  
A continuação se estruturará no presente resumo seguindo as seções 
refletidas no acordo de cotutela: 
 Finalidade e os objetivos da pesquisa 
 Abordagem e metodologia utilizada 
 Contribuições originais 
 Conclusões e futuras linhas obtidas para pesquisa 
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Finalidade e os objetivos da pesquisa 
Este trabalho se baseia em uma caracterização da geometria, 
morfologia, propriedades eletrônicas e ópticas ("band gap" e de emissão de 
fotoluminescência), e tem sido demonstrado como os métodos e as técnicas 
da química teórica e computacional podem ser utilizados para compreender 
as propriedades físicas e químicas destes materiais. Esta tese é uma 
investigação interdisciplinar que busca um design racional dos materiais 
analisando as suas propriedades para poder gerar novas e inovadoras 
aplicações tecnológicas. 
 
Os objetivos gerais desta tese podem ser divididos em: 
 
• Fornecer um guia científico para o controle morfológico da síntese de 
(nano) materiais; 
 
• Desenvolver um modelo termodinâmico universal para prever a morfologia 
acessível de um determinado (nano)material. A modulação morfológica de 
cristais tridimensionais é demonstrada usando a teoria do funcional da 
densidade para realizar cálculos de primeiros princípios; 
 
• Obter através do uso de modelo e alterando os valores relativos das energias 
superficiais, tanto a morfologia desejada como o caminho que liga a 
morfologia ideal (mais estável) à morfologia que é encontrada 
experimentalmente, que depende do método e das condições de síntese. Essa 
estratégia nos permite controlar as morfologias cristalinas, bem como 
racionalizar os diferentes canais que partem da morfologia ideal; 
 
• Esta análise combinada resulta em um mapa completo de morfologias 
acessíveis em uma ampla gama de (nano)materiais, e pode servir como um 
guia para os pesquisadores, ao analisar imagens de microscopia eletrônica, 
para obter uma melhor compreensão de como controlar a forma de cristal 
ajustando sinteticamente a química da superfície e controlando os valores 
relativos das energias superficiais; 
 
• Utilizar métodos teóricos e modelos computacionais baseados na mecânica 
quântica, para localizar e descrever estados excitados, a fim de determinar 
sua geometria e estrutura eletrônica e, portanto, prever e explicar as emissões 
fotoluminescentes dos (nano)materiais. 
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Os objetivos específicos desta tese podem ser divididos em: 
A morfologia de alguns materiais scheelitas, wolframitas e 
perovisquitas se obtém em várias condições de preparação. Tais como bário 
molibdato (BaMoO4), tungstato de bário (BaWoO4), soluções sólidas BaW1-
xMoxO4 (x = 0.25, 0.5, 0.75), molibdato de cálcio (CaMoO4), molibdato de 
zinco (ZnMoO4), e o zirconato de cálcio (CaZrO3). Estes são os materiais que 
investigaremos nesta tese, na qual os seguintes objetivos específicos podem 
ser resumidos da seguinte forma: 
• estudar a influência da substituição de cátions de W6+ por Mo6+ na solução 
sólida completa BaW1-xMoxO4 (x = 0, 0.25, 0.5, 0.75, 1), em função das 
propriedades estruturais, eletrônicas, ópticas, frequências vibracionais e 
estruturais morfológicas calculadas. Comparando tudo isso com a parte 
experimental feita por meio de microscopia eletrônica. 
• Analisar a estrutura e propriedades eletrônicas de CaMoO4, a estabilidade 
das superfícies correspondentes e suas transformações morfológicas. 
• Investigar a influência do dopante Eu3+ na matriz ZnMoO4, tanto na 
geometria, estrutura eletrônica e morfologia em função da análise 
comparativa de cálculos teóricos com microscopia eletrônica. 
• Compreender os espectros de fotoluminescência com base na localização e 
caracterização dos estados eletrônicos fundamental (singlete, s) e excitados 
(singlete, s* e triplete, t*), utilizando as estruturas ideais e distorcida de 
CaZrO3 puro e dopado com Eu
3+
. Além disso, correlacionar suas geometrias, 
morfologias, estruturas eletrônicas e freqüências vibracionais 
correspondentes. 
 
Abordagem e metodologia utilizada 
Nesta tese foi utilizado o método DFT e funcional hibrido B3LYP que 
foram de grande utilidade para racionalizar a geometria, estrutura eletrônica, 
freqüências vibracionais, propriedades ópticas e principalmente a morfologia 
dos cristais BaWO4, BaMoO4, BaW1-xMoxO4,(x = 0.25, 0.5, 0.75),  CaMoO4, 
ZnMoO4 e CaZrO3. Esta metodologia está implementada no programa de 
cálculo CRYSTAL 2014, que permite realizar cálculos periódicos desde 0, 1, 
2 (“slabs” bidimensionais) e 3 a dimensões (cristais). Para descrever os 
átomos, os orbitais cristalinos são expressos como uma combinação linear de 
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produtos de funções Gaussianas com diferentes expoentes, que dependem do 
número e tipo de átomos contidos na célula unitária. O conjunto de bases 
pode abranger todos os elétrons ou pode ser representado por 
pseudopotenciais, onde partes dos elétrons são englobados no "core" do 
átomo e não são tratados como elétrons de valência.  
Usando o programa J-ICE permitiu a visualização e classificação dos 
modos normais de vibração dos nano(cristais).Os mapas de densidade de spin 
usados foram para caracterizar e localizar elétrons desemparelhados em 
CaZrO3 e CaZrO3:Eu
3+ 
foram obtido sutilizando o programa XCrySDen. Os 
diagramas da densidade de estados (DOS) e estrutura de bandas calculados 
para analisar as contribuições eletrônicas dos átomos e seus orbitais atômicos 
nos materiais BaWO4, BaMoO4, BaW1-xMoxO4, CaMoO4, ZnMoO4 e CaZrO3. 
Foram obtidas com o programa ORIGINLab. Os mapas de morfologia 
construídos se basearam em cálculos de energia de superfície e o teorema de 
Wulff com a ajuda do programa VESTA. Este programa permite uma forma 
de criar morfologia nano(cristais) por meio das distâncias dos planos ao 
centro do cristal. Essa distância é diretamente proporcional à modulação de 
energia 
Para obter a morfologia usando a construção de Wulff, é necessário 
calcular as energias superficiais (γ) de um dado material, γ se pode 
representar como Esurf, e também denominar energia superficial. E pode ser 
calculado a partir do corte em um plano cristalográfico do cristal e 
corresponde à energia de clivagem. Estes planos cristalográficos dependem 
do grupo pontual de simetria do material e as superfícies são obtidas cortando 
o cristal por uma seção perpendicular do “bulk” em relação aos vetores da 
direção desejada, obtendo-se assim uma estrutura periódica em duas 
dimensões (“slab”), mas com espessura finita (eixo z). 
 Desta forma, a energia superficial ou "clivagem" (γ) é definida como a 
energia por unidade de área necessária para formar a superfície 2-D em 
relação ao volume e é calculada pela seguinte expressão em T = 0ºK: 
𝛄 =
𝐄𝐬𝐥𝐚𝐛 − 𝐍 ∙ 𝐄𝐛𝐮𝐥𝐤
𝟐𝐀  
onde Eslab é a energia total do “slab” 2D, Ebulk é a energia total do volume, 
respectivamente, enquanto N e A representam o número de unidades de 
fórmula mínima e a área A, respectivamente. O fator 2 no denominador vem 
da existência das superfícies superior e inferior do „slab”, que possui uma 
composição simétrica.Após o processo de otimização é verificado e 
 237 
comprovado se o valor de γ atingiu um valor constante e não depende da 
espessura do “slab”, obtém-se o valor de γ. 
 
Contribuições originais  
A presente tese doutoral tem sido o resultado de diferentes 
colaborações entre o LQTC e o CDMF da UFSCar e do LSQM da UFRN. 
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Autores: Marisa Carvalho Oliveira, Lourdes Gracia, Marcelo Assis, Ieda 
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As sínteses e caracterizações experimentais descritas nesses trabalhos 
foram realizadas no CDMF pelo estudante de doutorado M. Assis e 
supervisão do Prof. Dr. E. Longo. A Dra. I. L. Rosa, da UFSCar e a Dra. 
M.C. Gurgel, da UFG, auxiliaram na apresentação e discussão dos resultados 
experimentais dos artigos VII e VIII. Prof. Dr. J. Andrés e Dra. Lourdes 
Gracia propuseram, planejaram e ajudaram na realização dos cálculos e, 
juntamente com o Prof. Dr. Elson Longo, na redação final desses quatro 
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trabalhos. Minha participação concentrou-se na realização dos cálculos no 
LQTC, análise e discussão dos resultados teóricos, elaboração das figuras e 
tabelas, revisão bibliográfica e redação dos dois manuscritos. 
Os resultados mais relevantes foram divididos em quatro seções e serão 
apresentados e discutidos de forma resumida.  A primeira seção engloba os 
artigos I, II e III e capitulo de livro IV, em um estudo refletido na solução 
sólida completa, uma vez que, x= 0 e x= 1 nos artigos I e II e IV 
correspondem e compõe os sistemas BaW1-xMoxO4 (x = 0, 0.25, 0.50, 0.75, 
1). No estudo da solução sólida, foi analisado a substituição de cátions de 
W
6+
 por cátions de Mo
6+ 
no sistema de BaWO4, observando modificações nas 
propriedades eletrônicas do “bulk” e das superfícies. A análise vibracional 
mostrou dois modos Raman ativos em alta freqüência de 927 cm
-1 
e 894 cm
-1
 
de simetria Ag correspondente aos clusters [WO4]
2-
 e [MoO4]
2-
. Neste estudo 
diferentes intensidades de emissão fotoluminescentes com comprimentos de 
onda em 522, 520, 528, 512 e 528 nm foram observados. Os materiais 
estudados nos artigos I, II e III e capítulo de livro IV, foram obtidos pelo 
método de co-precipitação. 
Segunda seção engloba o artigo V e se discute detalhes de cálculos para 
“bulk” e superfícies de CaMoO4. A análise das propriedades estruturas do 
“bulk” de CaMoO4 mostra uma coordenação oito átomos de oxigênio ao 
átomo de Ca, resultando em um cluster dodecaédrico [CaO8] e  átomos de 
Mo coordenado a quatro átomos de oxigênio, formando cluster tetraédrico 
[MoO4]. Nas superfícies, diferentes tipos de cortes foram realizados em que 
se observou uma ruptura de ligações entre metal e oxigênios superficiais 
(Mo-O e Ba-O) comparadas ao “bulk”. O material estudado no artigo V foi 
obtido pelo método de co-precipitaçãoe processado por um microondas-
hidrotermal doméstico sem e com surfactantes (4-dimetilaminobenzoato de 
etilo e dianidrido 1,2,4,5-benzeno-tetracarboxílico). 
Terceira seção se engloba o artigo VI que se discute teoricamente os 
efeitos do dopante európio na matriz de ZnMoO4 tanto no “bulk” quanto nas 
superfície com o surgimento de defeitos através de níveis de energia entre as 
bandas de valencia e condução e um mais baixo valor de energia “gap”. O 
material estudado no artigo VI foi obtido pelo método sonoquimico.  
Quarta e ultima seção se englobam os artigos VI e VII em que se 
analisam, caracteriza e localiza as estruturas eletrônicas dos estados 
fundamental singlete, e excitados singlete e triplete em CaZrO3 e 
CaZrO3:Eu
3+
 tanto no “bulk” quanto nas superfícies, onde se aplica um 
mecanismo para interpretar as emissões de fotoluminescência. Os materiais 
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estudados nos artigos VI e VII, foram obtidos pelo método de precursores 
poliméricos. 
Outro importante aspecto avaliado foi a modulação teórica da 
morfologia dos sistemas BaWO4, BaMO4, solução sólida BaW1-xMoxO4 (x= 
0.25,0.5,0.75), CaMoO4, ZnMoO4, ZnMoO4:Eu
3+
, CaZrO3 e CaZrO3:Eu
3+
. 
Diversas possibilidades de morfologias foram exploradas para explicar 
possíveis alterações nas condições experimentais e clarificar o conhecimento 
das propriedades específicas relacionadas com superfícies. Esta combinação 
de estudos teóricos e experimentais pôde contribuir para proporcionar uma 
estratégia de investigação científica de qualidade, para a concepção de novas 
descobertas das propriedades de superfície e também o estudo do 
comportamento das propriedades morfológicas de tungstatos, molibdatos e 
zirconatos. A possibilidade de controle tanto da forma quanto do tamanho 
dos cristais com base na morfologia, demonstrando as etapas envolvidas, que 
são dependentes da estrutura interna do material e das condições externas de 
crescimento. 
 
Conclusões e futuras linhas obtidas para pesquisa 
 
Posso acreditar na modelagem e simulação? É uma pergunta frequente 
para pesquisadores experimentais e teóricos. Para respondê-la, é necessária 
uma profunda compreensão dos pontos fortes e das limitações da modelagem 
computacional e dos métodos de simulação utilizados, bem como das 
técnicas experimentais e suas faixas de aplicação. É obrigatório realizar um 
diálogo autocrítico entre a teoria e a experiência, em vez de fazer as duas 
coisas separadamente e dar confiança incondicional nos resultados de tais 
estudos isoladamente. A combinação de ambos fornece um campo fértil com 
oportunidades interessantes e uma enorme variedade de possíveis aplicações. 
É crucial para a modelagem entender os pontos de interesse para 
experimentais, a complexidade dos sistemas químicos e como abordá-los de 
maneira apropriada. 
 As simulações baseadas na mecânica quântica complementam os 
experimentos e permitem compreender-los a nível atômico, ou seja, testar 
hipóteses, interpretar e analisar dados em termos de interações em nível 
atômico não disponível experimentalmente. O uso conjunto e a comparação 
dos resultados teóricos e experimentais também podem sugerir experimentos 
e simulações que possam aumentar ainda mais nosso conhecimento. Portanto, 
os resultados obtidos a partir da simulação são sinérgicos com aqueles que 
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surgem a partir de novos experimentos, e às vezes abrem caminho para 
resolver problemas onde experimentos não podem fazê-lo. A mecânica 
quântica está no centro desse esforço e fornece a estrutura para uma descrição 
em nível atômico e molecular da estrutura química e reatividade que forma a 
base para a interpretação de dados experimentais e proporciona orientação e 
guia para realizar novos experimentos. Portanto, há uma grande oportunidade 
para uma verdadeira sinergia entre teoria e experimento. No entanto, o ponto 
comum de convergência deve ser as propriedades observáveis do sistema a 
ser investigado. Os observáveis incluem morfologia, geometria, estrutura 
eletrônica, freqüências vibracionais, quando disponíveis, e toda essa 
informação é muito útil, é o ponto de encontro mais frutífero para a teoria e 
para experimento em ciência de materiais e nanotecnologia. 
Morfologia é uma propriedade chave dos materiais e para o 
desenvolvimento de materiais funcionais é importante para controlar a 
morfologia e estrutura, e o objetivo principal é o de compreender a química 
da superfície, uma vez que muitos processos físicos e químicos têm lugar nas 
superfícies. Na presente Tese, se utiliza artigos publicados no qual os 
resultados alcançados são através do uso conjunto de trabalhos experimentais 
e teóricos. 
As principais conclusões podem ser resumidas da seguinte maneira:  
(I) Caracterizamos as morfologias acessíveis do bário molibdato 
(BaMoO4), tungstato de bário (BaWO4), soluções sólidas BaW1-
xMoxO4 (x = 0,25, 05, 0,75), molibdato de cálcio (CaMoO4), 
molibdato de zinco (ZnMoO4), e o zirconato de cálcio (CaZrO3), 
aplicando-se a construção de Wulff e usando a teoria funcional de 
densidade para cálculos de primeiros princípios com o intuito de obter 
a energia superficial das diferentes superfícies destes materiais, com o 
objetivo de fornecer um guia científico para o controle morfológico da 
síntese destes (nano) materiais.  
(II)  Os resultados apresentados aqui confirmam uma variedade de 
morfologias que podem ser obtidas ajustando as estabilidades de 
superfície, que dependem dos métodos de síntese e das condições de 
reação. Existe uma correlação entre a energia de superfície e a 
densidade de ligações rompidas em cada uma das diferentes 
superfícies. Assim, ao analisar as imagens de microscopia eletrônica, 
se pode obter uma maior compreensão de como controlar a forma 
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cristalina sinteticamente ajustando a química da superfície e 
controlando os valores relativos das energias de superfície.  
(III) Estudamos a estrutura e as propriedades eletrônicas do CaMoO4, a 
estabilidade das correspondentes superfícies e suas transformações 
morfológicas. Esta estratégia permite prever possíveis morfologias de 
outros materiais inorgânicos controlando os valores relativos das 
energias superficiais e explicando e racionalizando os resultados 
experimentais encontrados na literatura. Esta abordagem tem o 
potencial de ser quantitativa se combinada com medidas de 
morfologia, por exemplo, aquelas obtidas por TEM. As morfologias 
experimentais correspondem às morfologias de crescimento 
calculadas, enquanto as morfologias de equilíbrio calculadas 
coincidiram com as observadas. 
(IV)  Investigamos e realizamos uma comparação entre os resultados 
teóricos e experimentais para compreender a influência de dopante 
Eu
3+
 na matriz ZnMoO4, tanto na geometria, estrutura eletrônica como 
na morfologia.  
(V)  Compreendendo os espectros de fotoluminescência, com base na 
localização e caracterização dos principais estados eletrônicos 
fundamental (singlete, s) e excitado (singlete, s* e triplete, t*), 
utilizando as estruturas ideais e distorcida CaZrO3 puro e dopado 
Eu
3+
. Além disso, correlacionar suas correspondentes geometrias, 
morfologias, estruturas eletrônicas e freqüências vibracionais. 
Para concluir, a continuação dos trabalhos aqui apresentados deve 
abordar pelo menos os três aspectos seguintes: 
(I) Discernir se as morfologias observadas experimentalmente são 
impulsionadas pela termodinâmica (morfologia de equilíbrio), como 
tem sido feito nesta tese, ou pela cinética (morfologia do 
crescimento). Simulações dinâmicas serão necessárias para investigar 
o mecanismo de crescimento. 
(II)  Incluir e avaliar sucessivamente a influência da água e/ou adsorção 
das impurezas nas superfícies dos materiais estudados, tanto em 
equilíbrio como durante o crescimento de materiais durante a síntese. 
De fato, para avaliar estes efeitos de adsorção na morfologia do 
cristal, é fundamental uma análise aprofundada da estrutura e da 
energia de faces do cristal que atuam como substratos. As estruturas 
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otimizadas das superfícies que foram determinadas neste trabalho 
podem ser usadas para calcular as energias de adsorção liberadas 
quando as moléculas de água ou impurezas específicas entram em 
contato com o cristal. 
(III)  Incluir a densidade de spin nos mapas de morfologia, o que 
implicaria a consideração não apenas da energia superficial, mas 
também a magnetização de cada uma das superfícies, nas quais 
haveria elétrons desemparelhados. 
(IV) Melhorar o método de cálculo utilizado para caracterizar os estados 
eletrônicos excitados; o funcional da densidade dependente do tempo 
pode ser uma boa opção. 
